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Preface to ”Site-Specific Nutrient Management”

The natural milieu of food production is a field that has to being treated as a base production

unit. The production potential of the field depends not only on soil geological origin and the natural

fertility level but also on its management history. Effective crop production is based on a farmer’s

extensive knowledge and skills to protect cropped plants against stresses. Most are of environmental

origin, such as drought. The sustainable exploitation of soil productivity depends on those soil

characteristics that are crucial for the effective management of water and nitrogen. The production

effect of these two basic production factors, in fact, depends on the status of other, secondary factors.

A farmer’s knowledge is necessary, first, for their recognition, and second, for developing and

implementing measures for their amelioration.

The evaluation of field production level requires thorough recognition of the reasons for its

variability. An insight into the soil profile, as the first group of variabilities, cannot be limited to

topsoil, as is the case in current agro-chemical diagnostic procedures. An effective management of

soil resources requires data on soil characteristics in the entire rooted soil zone. The subsoil cannot be

treated as a black box. Temporal variability is an inherent property of crop plants during the growing

season. The proper development of yield depends on a synchronization of crop plant requirements

for water, nitrogen, and their supply from soil. However, those nutrients that are responsive to water

and nitrogen uptake and utilization by plants throughout the growing season cannot be neglected. It

is also impossible to achieve the production effect, i.e., yield, without taking into account the spatial

variability of yielding factors within a field during critical stages of yield component development.

The fourth type of variability affecting field productivity is defined by cropping sequence. Effective

management of soil fertility should be always oriented towards a crop within a particular crop

rotation with the highest sensitivity to the current status of soil fertility.

A sound management approach to soil fertility is to ameliorate those production factors that are

correctable to a level, maintaining maximum water and nitrogen efficiency. Any attempt by farmers

that aims to fulfill this target results in an amelioration of the nitrogen gap. This is the only way

to reach the twin objectives of the sustainable agriculture, i.e., yield increase, concomitant with the

decreased pressure of reactive nitrogen compounds on the environment.

The effective recognition of variability in production factors and their impact on the efficiency

of water and nitrogen requires the use of a broad range of diagnostic tools. Reliable diagnosis of the

present soil fertility status cannot, however, be conducted successfully without classic soil sampling,

and time-consuming soil and agrochemical analyses. Remote-sensing techniques provide a source of

data on the dynamics of crop biomass and nitrogen content during the growing season. Spectral data

form the basis of quick correction of a crop nutritional status within the growing season.

This book is addressed to four groups of potential readers, at least. The first are farmers who

need practical knowledge of how to recognize and create a hierarchy of factors that limit the efficiency

of their applied production measures. They also need good advisory support to develop the skills

that are necessary to ameliorate the factors that limit soil productivity. Second, the multifactorial

level of the evaluation of production factors, as presented in this book, can be helpful for researchers

within the field of agronomy. The third group are those who need a broad knowledge of and who

are now or will be involved in the agriculture sector. The fourth group are environmentalists. Any

action oriented towards environmental protection and addressing correction in current agricultural

practices cannot be successful without comprehensive knowledge of agro-ecosystem functioning.

The authors involved in the preparation of the papers included in this issue are specialists in

ix



agronomy, soil and plant diagnosis, crop plant fertilization, microbiology, and remote-sensing. As a

guest editor, I would like to express my gratitude to the authors and co-authors of the selected papers

for their efforts in transfering the achievements and knowledge in their work on producing food to

those who need support in the conditions arising from the present global challenges.

Witold Grzebisz

Editor
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Abstract: The editorial introduces to a Special Issue entitled ”Site-Specific Nutrient Management. The
concept of the nitrogen gap (NG) is as a core challenge for an effective realization of the so called “twin
objectives” in sustainable agriculture. This special issue stresses on some hot spots in crop production,
being responsible in the yield gap development, that farmers have to take control. The yield gap
cannot be ameliorated without the synchronization of the in-season requirements of the currently
grown crop for N with its three-dimensional variability in a supply on a field (temporal, spatial
and vertical). A recognition of soil fertility status in the rooted zone, which includes availability of
both mineral N and nutrients decisive for its uptake, is the first step in the NG amelioration. The
sustainability in soil fertility, as a prerequisite of N fertilizer application, requires a wise strategy of
organic matter management, based on farmyard manure, and/or cultivation of legumes. The soil
fertility status, irrespectively of the World region determines ways of the N rate optimization. The
division of a particular field into homogenous productive units is the primary step in the NG cover.
It can be delineated, using both data on soil physico-chemical properties of the soil rooted zone, and
then validated by using satellite spectral images of the crop biomass in a well-defined stage of its
growth, decisive for yield. The proposed set of diagnostic tools is a basis for elaboration an effective
agronomic decision support system.

Keywords: a field; crop production; sustainability; homogenous productivity units; soil fertility;
nitrogen indicators: in-season; spatial; vertical variability of N demand and supply; spectral imagery;
vegetation indices

1. Introduction: On a Way to Reach Sustainability in Crop Production

The effective realization of the ‘twin objectives’ of the concept of sustainable agricul-
ture assumes efficient food production and the simultaneous protection of both the local
and global ecosystem. This concept is based on the optimization of the applied production
inputs [1]. In crop production, the efficient use of inputs is defined by the size of the yield
gap (YG), which results from inefficiency in the use of N fertilizer (Nf) under well-defined
soil and weather conditions [2,3]. The full recognition of the production factors allows
the climatic-yield potential (CYP) of the currently grown plant and its seasonal variability
to be determined [4]. The size of the existing YG, considered as the deviation from the
CYP, is the basis for the elaboration of an agronomic decision support system oriented
towards its cover. In rain-fed agriculture, the first step towards YG cover is to increase the
resistance of a grown plant to in-season weather variability. This action, as a rule, focuses
on improvement in water management [5]. The key, and in fact the long-term strategy,
of water management control should be oriented to soil fertility improvement (organic
matter content, soil pH). This is required in order to decrease the yield variability. The
efficient use of both indigenous fertilizer and Nf requires efforts that concentrate on the
optimization of both the Nf rate and the factors responsible for its uptake and utilization
by the currently-grown plant. Solving these challenges requires well-elaborated diagnostic
methods which take into account both classical chemometric and remote-sensing tools [2].
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2. Special Issue Overview: General Topics

2.1. In-Season Management of Nitrogen: A Challenge for the Present Generation

The first chapter of the Special Issue comprises two papers which focus the reader’s
attention on N management within a particular field, as a basic production unit [2,6].
Nitrogen, under conditions of ample water supply, is the main production factor. It affects
growth and the exploitation of the yield potential of the currently-grown plant. This
first temporal (in-season) variability is defined by a crop’s requirement for N, and can be
taken under control, provided there is a recognition of the crop’s critical stages of yield
formation. In the case of seed crops, the game for yield takes place during the linear
period of a crop’s biomass increase. For cereals, it covers the phase of stem elongation [7].
In spite of the in-season variability of the seed crop requirements for N, the yield for a
particular field depends to a considerable degree on the factors which are responsible for
its spatial variability. Hence, the main challenge for a farmer is to divide the whole field
area into homogenous field productive units, HFPUs [8]. Spectral imagery is a useful tool
to recognize the plants’ nutritional status within a growing season. Its advantage over
classical biometric methods is the quick determination and simultaneous discrimination
of the difference in the rate of a crop biomass increase between HFPUs [9]. However, the
accurate discrimination of a given HFPU boundary requires strict data on the soil’s physical
and chemometric characteristics which are decisive for water and nutrient content in the
whole rooted soil zone [10].

The sound management of N, both indigenous to the soil and applied as Nf, relies on
simultaneously maximizing yield and minimizing the negative impact of the N present in
the soil/plant continuum of the environment. A basic set of operationally-required data
comprises: (i) the N productivity in a particular HFPU, (ii) the size of the pool of mineral
nitrogen (Nmin) at the onset of the growing season or at a time of winter crop regrowth in
spring, (iii) the total amount of applied Nf, and (iv) the in-season division of the whole Nf
rate. The reliable indicators of the in-season N management are strongly correlated with
N released from its organic pool during the growing season. This assumption, resulting
from the study by Łukowiak at al. [6], can be fulfilled by using the N-balance (Nb) as the
N management indicator. This only seemingly-simple index is based on the N input into
the soil/crop system (Nin = Nmin + Nf) and the total N content in a crop plant at harvest
(TN). It allows the discrimination of HFPUs differing significantly in productivity, and
consequently defines the requirement of a crop for Nf. Its practical advantage is to calibrate
the variability in the Nf rate between neighboring HFPUs.

2.2. Soil Fertility Management/Improvement

The second chapter is devoted to the aspects of soil fertility management that can
ensure a high efficiency of the applied production measures [10–12]. Sustainability in
the crop production system is based on the stabilization of the nutrient supply to plants
within a particular crop rotation. Sugar beet, in temperate climatic regions, is the most
sensitive crop to the soil fertility level, which is decisive for the sugar yield [13]. The
expected stabilization in the nutrient supply to this crop is mainly achieved through manure
application, which is a source of both organic matter and nutrients. Sugar beet, as reported
by Hlisnikovsky et al. [12], very efficiently exploits the applied Nf under conditions of
simultaneous manure and NPK application. The high efficiency of Nf is mainly due to the
increase in the content of the soil’s available nutrients. In the studied case, it referred to P
and K. A high sugar yield was obtained in treatments with a much lower input of mineral
fertilizers (FYM + NPK2 vs. NPK4). A synergy between the effects of mineral fertilizers and
manure is especially important in unfavorable weather conditions, for example drought.

A sustainable system of crop production should be based on legume crops, grown at
least once in a crop rotation. The impact of these plants on soil fertility is well recognized,
but is also frequently neglected in intensive farming systems [14]. The yield production
functions of legumes, in the light of N2 fixation, is out of discussion. However, farmers
tend to overlook some other functions of legumes which are responsible for both the soil’s

2
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fertility build-up and its long-term stabilization. The rhizodeposition of carbon by roots
to the soil leads to an enormous increase in the activity of microorganisms. The in-season
dynamics of C and N rhizodeposition are related to the stage of legume crop growth,
reaching their maximum at the onset of flowering [15]. The increased activity of enzymes
produced by both plants and microbes achieves its maximum just at the stage of the legume
plant’s flowering. The acid phosphatase (PAC) is an important factor, impacting the supply
of phosphorus to plants [11]. The majority of the nutrients released from soil resources,
especially N and P, are taken up by a legume plant during the phases of seed growth. The
remaining portion increases the soil fertility level and become available to the succeeding
crop [14].

The in-season dynamics of the nutrient uptake by a plant, especially of Nmin, are
a key factor affecting both (i) the rate of the crop plant growth, (ii) the formation of the
yield components. As in the case of legumes, seed crops are also sensitive to the supply of
nutrients during this period of yield component formation. In winter oilseed rape, the yield
is significantly related to the nitrate nitrogen (NN) supply during the period extending
from the rosette up to flowering [10]. The shortage of the N supply to plants at this time
results in a significant yield decline. The supply of NN, as reported by Grzebisz et al. [10],
depended not only on the amount of Nf applied to the crop, but also on the availability
of other nutrients which are responsible for the NN uptake from the soil. In sandy soils,
the most constraining nutrients for Winter Oilseed Rape (WOSR) growth and yield are
potassium (K), magnesium (Mg), and calcium (Ca). The limiting effect of K on N uptake
by plants, as the nutrient taken-up by WOSR in the highest amounts, persists through the
entire growth of WOSR plants [10,16].

2.3. Site-Specific Response of Crop Plants to Soil Fertility and Management

The yield variability between cropped fields is affected by different factors. The main
reasons for the observed variabilities not only result from differences in soil characteristics
(soil type, agronomy class) but also from the field cropping history, or the current crop
management. Such variability is discussed in this chapter.

The soil type is the key factor affecting yields of high-yielding crops, like winter
wheat, as was clearly documented by Hlisnikovsky et al. [17]. The principle cause of
huge differences in yields cannot only be attributed to the content of the main soil fertility
indicators, like the total N content (Nt). It is also worth taking into consideration the content
of the available P, K, and Mg, as well as Ca. The stabilization impact of FYM application
has been revealed as an important factor, both in the Chernozem and in Cambisol, as
documented by the authors. The advantage of naturally-fertile soils like Chernozem and
Phaeozem is the much lower rate of N required to achieve the maximum yield of wheat. In
the case of Cambisol, the same yield can be also obtained provided there is an application a
significantly higher Nf rate. In contrast, the quality of the wheat grain requires an extra Nf
dose, irrespective of the achieved yield. It can therefore be concluded that the Nf efficiency
in wheat depends on the soil fertility level, but the grain quality is driven solely by the Nf
rate.

The same problem, but related to maize, was discussed in the paper by Wang et al. [18].
The used index of N efficiency, i.e., the economic optimal N rate (EONR), in combination
with the soil type, the course of the weather, and plant density, can be used as an advisory
tool oriented towards increasing the efficiency of Nf. The year-to-year variability in yield
trends, irrespective of the weather course in a particular growing season, was completely
different for Black Earth and Aeolian sandy soil. As a rule, the yields of maize grown
on Black Earth increased in response to an increased Nf rate in accordance with the
Mitscherlich law. The trend of the maize yield grown on Aelioan sandy soil followed
the linear-plateau model, showing a significant seasonal variability. The comparison of
the EONR values clearly stresses the differences between soil types. The importance of
other factors, leading to the increased efficiency of the applied Nf with respect to farmers’
practices was significant, but at a much lower level. The Partial Factor Productivity of N

3



Agronomy 2021, 11, 752

fertilizer (PFPNf) was revealed as a good indicator, reflecting differences in the effects of
maize production factors.

The yield of a seed crop is defined by two primary components, i.e., the seed density
per unit soil area (SD) and the seed weight (1000 seed/grain weight, TSW/TGW). The effect
of N application on WOSR depends on both (i) SD, which is established during inflorescence
development and fixed during the phase of pod growth, and (ii) TSW, which is established
during the stages of pod formation and seed maturation [19]. The study by Łukowiak and
Grzebisz et al. [20] on WOSR clearly showed that yield was significantly affected by the N
content of seeds (Nse). This seed characteristic was a decisive factor for seed survival during
the post-anthesis WOSR growth, being responsible for SD. In addition, Nse was positively
related to PFPNf160. It was found to be a criterion for the differing of the investigated
fields with respect to yield in a particular year. An efficient N management strategy
requires data on the Nmin content at the onset of the growing season [21]. The interaction
between a season and the field location allowed two strategies of Nf management to be
distinguished, both of which were oriented towards SD maximization. The first strategy
was based on current soil productivity. The second one was based on indigenous soil
fertility. Both strategies resulted in a high SD as the prerequisite of a high seed/grain yield.
This observation was also corroborated by the main conclusion, drawn from the study with
wheat and maize discussed in chapter 2.

2.4. Field Spatial Variability of Soil/Plant Characteristics: Evaluation by Satellite Imagery

The efficient management of N in a field with a currently-grown plant requires a
recognition of the real status of four variables: (i) the crop’s in-season requirement for N,
(ii) the spatial variability of the actual N status in a plant, (iii) the Nmin resources at the
onset of the growing season, and (iv) the amount of in-season Nmin released from its soil
resources in the rooted soil zone [10,22].

N management, limited to the current N plant nutritional status and Nf input, should
be preceded by a field division into zones of homogenous productivity (HFPU) [8]. This is
the first step in elaborating an effective soil fertility management system (SFMS). The basis
of a particular fertilization system (FS) is data on the current status of the soil organic matter
content, soil pH, and content of available nutrients. As reported by Cammarano et al. [23],
remote sensing in connection with data on the content of inorganic N and organic carbon
(OC) has been found to be an effective diagnostic tool for the delineation of HFPUs. The
first criterion was the Green Normalized Index (GNDVI). This was determined on the basis
of a set of 10 years of gathered Landsaft satellite images of wheat at its flowering. The
second criterion was the Soil Brightness (SOB), which is based on RapidEye optical satellite
images conducted on bare soil. A combination of both spectral indices allowed three or
four HFPUs to be delineated. The three-zonal model explained the N and OC variability
the best (45%). An indirect evaluation of the soil productivity was possible due to the fact
that the wheat canopy at the onset of flowering fairly well reflects its potential productivity
(grain density, photosynthetic area). The authors stressed the fact that a field division
into three zones fulfills the requirement for the application of the commercial precision
agricultural tools.

The in-season recognition of the N requirements of a currently-grown plant de-
pends on the seed/grain density, but in practice on the number of spikes per unit area
(SN, m2) [24]. The most important is, however, the determination of the critical stage of a
cereal plant growth with respect to the impact of SN on the grain yield (GY). As reported
by Panek et al. [25], the observed relationship, irrespective of the field location, was the
strongest during a period of 4–6 weeks before the onset of wheat or triticale milk maturity.
The yield prediction was conducted using seven vegetation indices (VIs), based on satellite
images from Sentinel-2. It is worth stressing that yield prediction based on NDVI was a
strong yield predictor in the later stages of the growth of both cereals. The rule obtained
corroborates the hypothesis that the rate of the cereal crop biomass increase during the
shooting phase defines the grain yield [7].
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The differences in a crop’s nutritional status at the stages of its growth which are
decisive for yield provides a basis to determine the applied Nf rate. The calculated Nf dose
requires, however, correction, taking into account the spatial variability of a crop’s require-
ment for N. A practical solution aimed at the effective management of Nf in accordance
with a plant’s need for N is to apply the concept of variable-rate nitrogen (VRN). A study,
based on 1263 observations by Larson et al. [26] on cotton, showed that the net returns
(NRs) increased in response to the applied VRN strategy under well-defined field areas, as
determined by higher organic matter content, deeper profiles, or an erodible soil. These
three different cases, representing field areas of contrasting productivity, corroborated the
necessity for a field’s delineation into homogenous productive zones.

3. Conclusions

A particular field is a basic unit for crop production. The key challenge for farmers and
their advisors is to define and then elaborate a set of agronomic measures oriented towards
covering the nitrogen gap. This is the most effective way to realize the ‘twin objectives’ of
sustainable crop production management within a particular field. The spatial variability
of yields can be ameliorated, at least, by the division of a field into homogenous productive
units. The criteria of a field’s division can be based on physical or chemical soil properties,
including the whole zone rooted by grown plants. They can also be delineated using
satellite spectral images of both bare soil and crop biomass in a well-defined stage, which
is decisive for yield component development. The developed agronomic decision support
system (ADSS) should be adjusted to the yield potential of the homogenous field unit in
order to optimize the efficiency of the applied inputs, mainly focusing on nitrogen fertilizer.

Funding: This research received no external funding.
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Abstract: The main reason for the development of the yield gap in crop production is the inefficient
management of nitrogen (N). The nitrogen gap (NG) cannot be ameliorated without an indication
and quantification of soil characteristics that limit N uptake by a crop plant. The insufficient supply
of N to a plant during its cardinal stages of yield formation is a result of two major-variabilities. The
first is spatial variability in the soil characteristics responsible for water supply to a plant, also serving
as a nutrient carrier. The second is a vertical variability in soil factors, decisive for pools of available
nutrients, and their in-season accessibility to the grown crop. The long-term strategy for NG cover
should focus first on soil characteristics (humus stock, pH, nutrient content) responsible for water
storage and its availability to the currently grown plant. Diagnostics of plant nutrient availability
should deliver data on their contents both in the topsoil and subsoil. The combined use of both
classical diagnostic tools and spectral imagery is a way to divide a single field into units, differing in
productivity. Remote-sensing techniques offer a broad number of tools to define the in-season crop
canopy requirement for fertilizer N in homogenous field units.

Keywords: climatic potential yield; yield gap; nitrogen use efficiency; soil constraints; subsoil; spatial
variability; remote sensing-techniques; field

1. Food Gap and Sustainable Intensification of Agriculture

The global human population, depending on the scenario, will reach 9–10 billion in
2050. Some prognoses of food requirements in 2050, based on the level of food production
in 2005, fluctuate from 50% to 110% [1,2]. The analysis made by Hunter et al. [3] showed a
much lower level of food demand in 2050 compared to 2010, ranging from 25% to 70%. The
effective management of global food demand in 2050 should be a result of the simultaneous
implementation of three complementary strategies, termed ”mega-wedges” [4]. They are
as follows: (i) filling the food production gap, (ii) decreasing food losses in the entire
food chain, (iii) reduction in the worldwide food demand. The relative contribution of
each particular mega-wedge in food security control has been assessed as 46%, 33.6%, and
20.4%, respectively. The second strategy does not include only direct losses of energy and
proteins in the food chain, but also reduced productivity of soil and water (10.4%). This
means that above 55% of the future food demand directly depends on efforts oriented on
covering the food production gap. With respect to food losses, it is necessary to stress that
the net excess of the global protein supply is almost equal to its intake by humans (36%
vs. 44%) [5]. It can be, therefore, concluded that the management of the food production
chain requires significant changes in agriculture. The conceptual (diagnostic, management,
techniques, technology) preparation of the agriculture sector for a considerable increase in
food production in the coming 30 years is the key challenge for the present generation.

The current level of food production is a function of two main factors, i.e., (i) actual
crop yield, (ii) crop yield improvement. The actual yield of a particular crop in a strictly
defined locality (field) is a result of the efficiency of production inputs under the course of
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meteorological conditions during the growing season [6,7]. The realization of the second
target depends on progress in (i) breeding of new cultivars, (ii) improvement in water
efficiency (WUE), (iii) improvement in nitrogen use efficiency (NUE). It is necessary to
remember that the success of the Green Revolution, resulting in the significant increase of
yields of major crops (cereals, rice, maize) was a result of the induced synergism between
new, high-yielding cultivars, high rates of applied fertilizer nitrogen (Nf), and a high
level of crop protection, based on agrochemicals [8]. An insufficient level of the required
synergism between these three main factors has resulted in stagnation in the world average
yields of main crops during the last two decades [9]. The necessary annual rate of yield
increase of four global crops. i.e., maize, rice, wheat, and soybean to cover the food gap
in 2050 would have to reach 2.4%. The current yearly rate of yield increase for these four
crops is far below the assumed threshold, being at the level of 1.6%, 1.0%, 0.9%, and 1.3%,
respectively [10]. For example, the genetic progress in nitrogen use efficiency for wheat
in the years 1985–2010 was only in the range of 0.30–0.37% y−1. This was a result of
the increased value of the Nitrogen Harvest Index (NHI), i.e., the relative amount of N
accumulated in grain [11].

Future progress in food production, in fact, will depend on two key drivers. The first
is high-tech intensification, based on highly productive cultivars of main crop plants, and
the efficient use of mineral fertilizers and other agro-chemicals. This strategy has been
responsible for about 3

4 of the global food production increase in the last 85 years. The
remaining 1

4 was due to the increase in the area of arable land, mainly in less-developed
countries. The productivity of the newly cultivated soils is to a great extent driven by their
natural fertility. In the future, this option will be strongly limited due to the lack of high
or even medium fertile soils. The primary resources of potential arable land are extensive
pastures and tropical forests. The key disadvantage of the first is a shortage of water and of
the second, low fertility, mainly due to high acidity and a shortage of essential nutrients. In
addition, this option requires a considerable financial input to increase soil fertility, as a
prerequisite of an economically and environmentally sound level of production [12,13].

The progressively increasing demand for food, resulting from the permanently grow-
ing human population, is in contradiction to the concept of sustainable development of
agricultural production. The most advanced scenarios of a sustainable approach to food
production assume a massive reduction or even the elimination of N fertilizers and pesti-
cides. The main objective of this restrictive view of agriculture is to arrest the degradation
of both local and global environments [14]. In the current and future reality, food demand
is too high to completely abandon modern production measures [15,16]. A realistic view of
sustainable agricultural development, termed as sustainable intensification of agriculture
(SIA), defines this concept as a process or production system where yields are increased
without an adverse impact on the environment and without the cultivation of low-quality
land [17]. A less sophisticated, but at the same time a more practical definition of SIA,
has been proposed by Smith [18]. The core of this definition is to produce more, and
high-quality food per unit of used and applied production measures, taking into account
both soil fertility and externally applied measures (fertilizers, pesticides, fuel) on the one
hand, and protection of the existing ecosystems against damage on the other hand. These
opinions are summarized in the concept of twin objectives, which relies on the assumption
that agricultural development, including new tools, both implemented as new production
technologies, production systems, and management, has to ensure the stability of the global
ecosystem [19,20].

The area of arable land and the amount of available water during the growing season
of a particular crop plant are key factors that limit food production for a country, region,
or field. A rise in food production cannot be based solely on the increased efficiency of
water usage. As reported recently by Grafton et al. [21], based on an analysis of numerous
methods of crop plant irrigation, no direct substitution between water and nitrogen was
observed. The key factor limiting yield, as results from this study, is nitrogen. The authors
clearly stated that the greatest challenge to the progress of crop plant productivity depends
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on the improvement in N management. The required rate of food production increase
to cover the food gap by 2050 can be achieved by an adequate supply of fertilizers, both
nitrogenous, and those balancing N, i.e., containing P, K, Mg, S, and micronutrients. Sce-
narios of nitrogen fertilizers (Nf) consumption in agriculture to cover the food production
gap vary 3-fold, i.e., from 85 Mt N y−1 to 260 Mt N y−1 [22]. In the model of N flows
by Conijn et al. [23], the total consumption of Nf will increase to 181 Mt y−1, i.e., by 76%
in 2050 as compared to 2010 (103 Mt N y−1). The increased Nf consumption will lead,
however, to a simultaneous increase in losses of its active compounds into the environment.
The N loss in 2050 is projected to lie in the range of 102–156% with respect to 2010 [24].

Any increase in the production efficiency of both key agronomic factors, i.e., water and
nitrogen, depends on the soil status of all the other production factors decisive for their ef-
ficiency. The production of phosphorus fertilizers to cover crop plant requirements for this
nutrient is set to increase in the period 2010–2050 by 32% (from 17.9 to 23.7 Mt P y−1) [23].
An analysis made by Pradhan et al. [25] showed that to fulfill food production goals in
2050 the consumption of N, P, and K fertilizers will increase in the range of 45–73% for N,
22–46% for P2O5, and 2–3-fold for K2O, respectively, compared to 2010. The sustainable in-
tensification of agriculture cannot be realized without taking into account other nutritional
factors that limit the productivity of water and nitrogen, such as magnesium, sulfur, and
micronutrients [26,27].

The principal challenge to the concept of sustainable intensification in agriculture is to
develop effective diagnostic and management tools oriented to the increased efficiency of
the applied fertilizer nitrogen. Its realization is a prerequisite for decreasing the pressure
of losses of its active forms to the local and, as a consequence to the global environment.
These twin objectives can be successfully realized, provided there is a recognition and a
simultaneous amelioration of factors constraining the productivity of nitrogen both in the
critical stages of yield formation by the currently grown crop, and resulting from the spatial
variability of its supply to plants.

2. Yield Potential and Yield Gap

2.1. Water Limited Yield—WLY

The yielding potential of a particular crop plant expresses its genetic potential for
the exploitation of solar radiation and CO2 fixation [28]. Yield potential (Yp), as proposed
by Evans and Fisher [29], defines the maximum attainable yield of a crop cultivar grown
under conditions of the non-limiting supply of nutrients, and effective control of pests
and diseases. These growth conditions can be achieved provided the implementation of
irrigation to the currently grown crop [30]. Water and nitrogen are classified as factors
limiting yield [28].

The importance of water supply to crop plants during the growing season is well-
known to farmers. A temporary shortage of water is a natural feature of natural, i.e.,
non-irrigated agriculture [31]. Therefore, in practice a much more adequate term is wa-
ter limited-yield (WLY, Yw), i.e., Yp defined under natural water supply to crop plants.
The really attained yield, in fact, depends on the unit productivity of water (water-use-
efficiency—WUE). This index expresses the amount of yield per total volume of evaporated
and transpired water during a life-cycle of a currently grown crop [32]:

WUE = Ya/ETa (1)

where:
WUE—water-use-efficiency, kg yield mm−1 or m−3 of water;
Ya—actual yield, kg, t ha−1;
ETa—water use (transpired and evaporated water), mm, m3.
Two methods can be used as simple and practical tools to calculate Yw. The first

is the FAS procedure (French and Schulz approach—FAS). This method is based on the
assumption that the yield increase under the same environmental conditions is directly
related to the increase in WUE [33]. The FAS method of water productivity calculation
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is composed of three components: (i) the maximum water productivity (TE), (ii) the
quantities of water from current precipitation, (iii) the size of water resources in the soil
volume rooted by the currently grown crop. The water-limited yield, (WLY) is calculated
based on the equation:

WLY = TE (R-ΣEs) + WR (2)

where: TE refers to the transpiration efficiency TE (TE = k/VPD; k—biomass/transformation
ratio; VPD—vapor pressure deficit; R—the sum of rainfall during the growth period;
Es—the seasonal soil evaporation, equal to 110 mm, WR -water reserves in the rooted
soil volume.

The yield gap can be defined as the difference between the yield resulting from the
effect of water available to plants during the growing season, i.e., the water-limited yield
(WLY) and the actual yield (Ya):

YG = WLY − Ya (3)

YGf = 1 − (Ya/CPY) (4)

The key component in Equation (2) is the TE index. Originally, it was set for wheat
grown in Australia at the level of 20 kg grain mm−1 of available water. Under favorable
growth conditions, as stated by Passioura [34], this index can reach up to 30 kg grain mm−1.
As reported by Grzebisz et al. [26], TE is sensitive to the amount of supplied water and
nutrients, ranging during the critical stages of spring triticale growth, from 14 to 39 kg
grain mm−1. The practical advantage of the Yw calculation, based on the FAS approach, is
to quantify the yield loss due to inefficient water management. The fraction of the yield
gap (YGf) is a relative measure (a value, extending from 0 to 1) of the yield gap (YG) due to
unfavorable growth conditions with respect to those created by the potential water supply
(WLY) to the currently grown plant. As shown in Figure 1, the highest WLY was recorded
in the wet year (1997). Irrigation applied to winter wheat during the critical stages of yield
component formation, i.e., stem elongation and heading did not result in a yield increase.
The highest values of the YGf, measured on the irrigated plots, indicate that water was
not exploited by wheat due to the presence of other growth constraints. In contrast, the
artificial reduction in the water supply (the treatment with imposed drought—D) to wheat
during the critical period of yield component formation, resulted in a slightly lower grain
yield. However, a much higher level of water exploitation was recorded, as indicated by
much lower YGf indices, especially on the K fertilized plot (0.11 vs. 0.29 on the irrigated
plot, I). The other two years were characterized by a natural water shortage during the
stem elongation period (1998), or during the grain filling period (1999). As a result, the
YGf, in general, approached zero, indicating that actual yields were close to the potential
productivity of water. The negative values of YGf stress the effect of other growth factors,
which increased water productivity. This phenomenon was observed on treatments with
the imposed drought, revealed most frequently on the K-treated plots. The presented data
corroborates the main assumption of the FAS procedure of WLY calculation that WUE
depends on the amount of water available to the currently grown crop. The YGf index
clearly reflects both the status of water management and soil fertility status.

2.2. Climatic Potential Yield—CPY

The maximum attainable yield of a particular crop, typical for the climatic region,
is determined by the prevailing meteorological conditions. Based on this assumption
Licker et al. [35], proposed to use the term, the climatic potential yield (CPY), instead of
the less precisely defined, Yield Potential. The CPY can be defined as the maximum yield
of a crop plant cultivar grown under a natural water supply, provided the optimization of
other growth conditions. The yield gap (YG) is calculated based on the algorithm:

YG = CPY − Ya (5)
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Figure 1. Graphical presentation of Water Limited Yield and loss/gain yield of winter wheat. Legend:
WLY—water-limited yield; YL—yield loss; YG—yield gain; 0.32—the yield gap fraction; C—water
control; I, D—plots irrigated or with imposed drought by water shortage during stem elongation and
heading. (Author’s own result; unpublished) * yield gain (−)/yield loss.

The fraction of the yield gap (YGf) is a relative measure (a value, extending from 0 to 1)
of the Ya distance to the yield defined by the dominant weather conditions within a given
climatic region (see Equation (4)). YGf values approaching zero, indicate that meteorologi-
cal conditions during the growing season were favorable, allowing the attainment of the
climatic yielding potential by the grown crop. The best source of CPY data are experiments
conducted by accredited Experimental Stations. An example of CPYs and their respective
indices are shown in Table 1. The differences between CPY and Ya for winter wheat were
extremely pronounced. The calculated YGf accounted on average for 58% for winter wheat
as compared to 26% for sugar beets. The low year-to-year variability of this index for both
crops indicates (i) stability of the CPY for these two crops, irrespective of weather variability
during the growing season, (ii) the presence of other growth factors affecting the actual
yield. The main reasons for the recorded difference between winter wheat and sugar beets
are soil conditions. In Poland, winter wheat, despite high requirements for soil fertility,
is cultivated on a broad range of soil agronomic classes [36]. In contrast, sugar beets are
cultivated on very fertile soils [37]. The second growth factor, significantly impacting the
CPY of wheat, is the level of crop protection and the level of applied N. The higher input
of agronomic measures resulted in a CPY increase of 13%.

Table 1. The Climatic Yield Gap for basic seed crops in Poland, t ha−1.

Years
Winter Wheat Sugar Beet

CPYa1 CPYa1 Ya YGa1 YGa2 YGfa1 YGfa1 CPY Ya YG YGf

2016 7.67 8.77 4.72 2.95 4.05 0.38 0.46 88.4 66.5 21.9 0.25
2017 8.21 9.76 5.11 3.10 4.65 0.38 0.48 88.9 67.9 21.0 0.24
2018 7.65 8.66 4.30 3.35 4.36 0.44 0.50 80.5 59.9 20.6 0.26
2019 8.36 9.17 4.64 3.72 4.53 0.44 0.49 80.0 57.5 22.5 0.28
2020 9.31 10.19 5.06 4,25 5.13 0.42 0.50 - - - -

Mean 8.24 9.31 4.77 3.47 4.54 0.42 0.49 84.5 63.0 21.5 0.26
SD 0.68 0.65 0.33 0.52 0.40 0.04 0.02 4.86 5.00 0.9 0.02

CV, % 8.2 7.0 7.0 15.0 8.9 8.7 3.7 5.8 8.0 4.0 7.5

CPY—the climatic yield potential; Ya—actual yield; YG—yield gap; YGf—the yield gap fraction; a1, a2—medium and high input of
production measures (crop protection + higher N rate); SD—standard deviation; CV—coefficient of variation.
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2.3. Partial Factor of Productivity of Nitrogen—PFPN

Nitrogen is, assuming the same meteorological conditions (precipitation) for a given
locality (region), the key growth factor limiting yield [28,38]. Hence, the amount of Nf
or the whole N input at the beginning of the growing season becomes the principal
independent variable, affecting both the plant growth rate during the growing season
and its yield [39,40]. The efficiency of Nf can be determined, using the concept of the
partial factor productivity of fertilizer nitrogen, (PFPN) [41]. This approach is frequently
applied for making a country-to-country comparison [42]. The procedure to calculate the
maximum attainable yield (Yattmax), and in consequence, the nitrogen gap (NG) based on
PFPN, requires data on the unit productivity of the applied Nf under optimum growth
conditions, i.e., the ample availability of nitrogen. The following set of equations can be
used to calculate both indices:

Partial factor productivity of Nin PFPNf = Y/Nf (kg seeds kg−1 Nf
) (6)

Maximum attainable yield Yattmax = cPFPNf · Nf (t, kg ha−1) (7)

Yield Gap YG = Yattmax − Ya (8)

Nitrogen Gap NG = YG/cPFPNf (9)

To delineate the role of PFPNf on yield, the critical value of PFPNf has to be defined in
the set of data obtained. The critical PFPNf (cPFPNf) is calculated as the average of the third
quartile (Q3) of PFPNf values measured for each crop in a particular growing season. To
determine the cPFPNf, the calculated PFPNf values are ranked in ascending order. The third
quartile comprises values above the 75th percentile. The cPFPNf is the average of the PFPNf
values of the Q3. In the last step of the procedure, the nitrogen gap (NG) is calculated
by transforming YG into the amount of the available N, but not used by the crop during
the growing season [39]. The NG data can be used to prepare a graphical model of the
efficiency of available N, i.e., mineral nitrogen present in the soil/crop plant system during
the growing season of an actually grown crop. As shown in Figure 2, Yattmax for 32 tested
fields in 2020, amounted to 8.663 t ha−1. Theoretically, at this yield level, the soil Nmin
content at wheat harvest is “zero”. The excess of Nmin, as indicated by negative values of
NG, leads to a yield decline and vice versa. The key question is to indicate a reason for the
appearance of the NG and its size. In most studied cases, it was the excess of applied Nf,
concomitant with the low fertility of a soil agronomic class.

Figure 2. Trends in actual and maximum attainable yields in response to Nitrogen Gap in winter
wheat. Legend: NG—nitrogen gap; Yattmax—maximum attainable yield; Ya—actual yield.
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3. Soil Factors—Limiting Crop Plant Growth

3.1. Growth Factors Efficiency and Yield

A crop yield depends on its potential to take in water and nutrients in well-defined
stages of its growth [43]. Three groups of factors are responsible for the exploitation
of the yielding potential of a particular crop cultivar: (i) weather conditions during the
growing season, (ii) soil fertility level, (iii) soil and crop management systems [35,43].
Weather conditions during the growing season in non-irrigated agriculture are the strongest
environmental factor, significantly affecting year-to-year variability in yields [44]. Soil
productivity has been indicated as one of the most important objectives listed in the
sustainable development goals (SDGs) by the United Nations in the 2030 Agenda for
Sustainable Development [45]. Mueller et al. [46] classified natural factors constraining
plant productivity into three main groups, comprising: (i) soil moisture and its thermal
regime—directly related to weather variability during the growing season and to in-season
changes in water availability in the soil profile, (ii) root growth pattern and nutrient uptake
patterns, (iii) field topography. Soil fertility can be defined as the inherent soil potential
for supply of air, water, and nutrients to the currently grown crop plant in the required
amounts and chemical forms, necessary for exploiting its yielding potential [47]. The key
question with respect to the optimum ranges of growth conditions for a currently cultivated
plant on a given field cannot be simply answered. The main reason is the huge number
of factors that affect plant growth during the growing season, and its subsequent yield.
Wallace and Wallace [43] suggest the existence of more than 60 factors, grouped into seven
categories, including both biophysical soil properties (five groups), weather and soil, and
finally crop management methods. Based on these evaluations, the production outcome,
i.e., actual yield (Ya) can be considered as a function of the climatic potential yield (CPY)
and the efficiency of factors (E), affecting yield:

Y = CPY · (E1 · E2 · E3 · . . . En-1 · En) (10)

The strength of each factor’s impact on yield declines in accordance with its partial
fraction, approaching 1.0. The value of 1.0 for a given factor indicates its optimum status
with respect to the rate of plant growth, the formation of yield components, and the
eventual yield.

3.2. Soil Fertility Constraints—Humus Content and Water Resources

During the first step in nitrogen gap (NG) amelioration, it is necessary to develop a
set of effective diagnostic tools for recognizing the main soil characteristics—constraints
that negatively affect plant growth. The second step should be oriented to working out
a set of agronomic methods, allowing for the NG cover. Four groups of growth factors
require a farmer’s serious attention when evaluating the strength of soil factors that limit
plant growth during the growing season. They are (i) total soil moisture amount and
its availability to plants, (ii) the size of the in-season mineral nitrogen pool, (iii) pool of
available nutrients responsible for N efficiency to plants during the growing season, (iv)
plant accessibility to all sets of nutrients within the growing season.

The most important of these factors is water management before and during the
growing season. World crop production systems to 60–80% depending on the amounts of
water accumulated in the soil profile, strictly in the layer occupied by roots of the currently
grown plant [48]. The quantity and availability of water stored in the soil profile to plants
depend both on soil texture and its structure [49]). The capacity of the root zone (RZC)
for water (the volumetric water capacity, VWC, at field capacity within a range of 10 and
1500 kPa suction) is measured for crop plants down to 100 cm [50]. In Europe, the RZC100
for sandy soils is in the range of 50 to 100 mm, and for loamy soils from 100 to 200 mm.

The amount of storage and available water depends to a great extent on the content of
soil organic matter (SOM, humus). In regions, or even in fields with a high contribution
of sandy soil, the best option to increase VWC is to raise the humus stock (HS) in the
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soil profile. This operation can be only successful if the depth of the organic layer is
increased [51]. It has been well-documented that the amount and resistance of soil humus
to degradation processes is a function of soil texture [52]. Loveland and Webb [53] in an
extensive review showed that the minimum content of humus required to maintain soil
productivity is 1.7% for sandy soil (4% of clay particles) and almost 6% for clay loam (38%
clay particles). The humus content in a particular soil is, in fact, a constant value, defined by
the content of total silt and total clay. Based on this assumption Piéri [54] developed a soil
degradation index, termed as the humus stability index (S), whose formula is as follows:

S = (H/Si + C) · 100 (11)

where: S—index of soil humus stability, H—humus content (%), Si and C denote silt and
clay content (%), respectively.

The S index is a simple index to determine the current status of soil degradation. Four
classes of soil sensitivity to degradation, based on the S index can be applied:

(1) S < 5—structurally degraded soil;
(2) 5 < S < 7—a great risk of soil structure degradation;
(3) 7 < S < 9—a small risk of soil structure degradation;
(4) S > 9—no risk of soil structure degradation.

The S value above nine indicates that the humus content is at an optimum to protect
the stability of the soil structure. In the next step in the procedure, evaluating the status of
soil humus, the humus stock gap (HSG) can be calculated [55]:

SHSSD = OC · 1.7 · 10 (12)

HSG = HSA − SHSSD (13)

where:
SHSSD—Standardized Humus Stock, t ha−1; HSA—Actual Humus Stock, t ha−1;
HSG—Humus Stock Gap, t ha−1; OC—mean value of organic carbon content, kg m−2;
1.7—constant used to recalculate the OC content into humus;
10—constant, recalculating kg m−2 into t ha−1.
The yield gap/gain (YG/G), i.e., yield loss or gain, based on the humus content, can

be calculated based on the formula:

YG/YG = HSG · 15.6 (14)

where: 15.6—constant, recalculating HSG into grain yield [56].
The OC data for the SHSSD calculation with respect to European soils were based on

data reported by Batjes [57]. The average content of humus in Luvisols in the soil layer of
0.0–0.3 m is 85 t ha−1, increasing up to 154.7 t ha−1 in a soil profile of 1.0 m. In Cambisols,
the respective values are 117.3 and 200.6 t ha−1. Both figures are low as compared with
Chernozems, for which the respective values are 153 and 374 t ha−1. The simple calculation
of HSG shows that a net increase in the humus stock of 1 g m−2, which is equal to 17 t ha−1

of humus, results in a yield increase of 265.2 kg ha−1. The potential yield increase can to a
great extent be explained by the higher water-holding capacity of humus. As reported by
Libohova [58] 1.0 g of humus holds up to 1.5 of water.

The main reason for the degradation of humus stock (HS) in arable soils is the rapid
mineralization rate of the labile organic carbon pool, irrespective of soil management [59].
This process is accelerated by intensive NPK fertilization and soil plowing [60]. The
regeneration of the HS in arable soil is a long-term process. The most effective ame-
lioration strategies oriented towards an HS increase in arable soils, tested in long-term
trials, rely mostly on intensive manure application. In European soils, as reported by
Powlson et al. [61], expectations regarding the effect of manure are rather low. A yearly
application of 10 t manure over 90 years can raise the humus content in a soil layer of 0.3 m
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only by 4.8%. As reported, however, by Szajdak et al. [62], a yearly application of 30 t ha−1

of manure to light soil over 38 years doubled the humus content. Despite the HS increase,
no differences in rye yields were recorded compared to the effect of NPK application alone.
The main practical disadvantage of this approach to HS increase, even in mixed farming,
is its theoretical quality. This solution is not realized in farming practice due to a lack of
manure. The option, applied in intensive agriculture, oriented only towards crop plant
production, is the management of straw directly in the field. As frequently reported, this
method of straw management can both increase the HS and yields of succeeding crops [63].

3.3. Nutrient Availability and Crop Plant Accessibility to the Nutrient Pools

The agronomic term nutrient availability refers to the amount of a particular nutrient
taken up by the currently grown crop within a single growing season. Chemical tests of
extractable nutrients are only an approximation of the amount of a given nutrient which
potentially can be taken up by the crop plant [64]. In addition, the content of available
nutrients is, as a rule, determined in the upper soil, limited usually to a layer of 0.2 m [65].
The term accessibility refers to the crop plant’s access to soil pools of attainable nutrients
within the growing season [64]. Plant access to a respective nutrient pool depends on the
rate of root system growth, which is driven by the hormonal status of a plant, which to a
great extent depends on plant access to nitrate nitrogen. A decreased supply of N-NO3
to the aboveground plant parts affects the pattern of dry matter partitioning, leading
subsequently to an increase of its investment into roots [66,67]. This crop plant strategy
is oriented towards the capture of water, nitrogen, and nutrients supporting their use
efficiency. It prevails in regions and soils sensitive to temporary water shortages [68,69].

The observed trends of crop plant response to irrigation are fully corroborated by
the fact that ample water supply is a decisive yield factor, providing an optimum supply
of nutrients, mainly N [46]. As shown in Figure 3, the yield of spring triticale decreased
in accordance with the decreased amount of available water. However, the absolute and
relative yield decrease, i.e., YG and YGf were much lower under K fertilized treatment. The
main reason for the observed trend variability was the impact of K application on WUE. As
a rule, the WUE-Eta trend reflected the trend of Ya, very well, but its steepness was lower
on the K fertilized plots. The WUE-WLY indices showed different trends of dependence
on K treatment. The index value, under conditions of K fertilizer application, increased
in the opposite direction to the quantity of supplied water, i.e., from 23 kg grain mm−1

on the irrigated plot to almost 39 kg grain mm−1 on the plot with the artificial drought
imposed during the stem elongation stage of triticale. It can be concluded that under
natural precipitation, the yield gap can be ameliorated, at least partly, through the supply
of nutrients like K, which exert a significant impact on water and nitrogen management by
crop plants [26,70].

Fertilizer recommendations, except for mineral N (Nmin), do not consider the content
of available nutrients in the sub-soil. The total content of the majority of nutrients, taking
K as a classic example, depends on the content of clay minerals [71,72]. The content
of available nutrients is also sensitive to other soil characteristics, for example, soil pH
(phosphorus, micronutrients); manure application, and the content of organic matter
(nitrogen, phosphorus, micronutrients); fertilization, and cropping sequence (nitrogen,
phosphorus) [65,71–75]. The sub-soil has numerous functions; as a source of water, nitrogen,
available pools of other nutrients, and as a natural milieu for the plant root system [76,77].
As shown in Figure 4, crop plants can penetrate the soil for K down to a depth of 0.90 m of
the soil profile. In the presented case, the strongest soil depletion with the CaCl2-extractable
K was recorded for winter oilseed rape. This phenomenon is corroborated by the fact that
this crop has an extremely high requirement for K during the spring vegetation [78]. The
same phenomenon was observed for phosphorus. As reported by Łukowiak et al. [79],
crop plants can exploit the CaCl2-extractable P down to 0.9 m of the soil profile. The
authors of this study documented that the recovery of 60% of the available P pool was
concomitant with the highest yield of winter oilseed rape (WOSR). This figure may seem
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shocking, but it refers to the P content in the soil solution. An open question remains as
to the contribution of the sub-soil P pool in the total P taken up by the currently grown
plant. In the case of seed crops, for example, WOSR, an important part of P is taken up
by plants following the onset of flowering [80]. A permanent application of P fertilizers,
as documented for long-term experiments, leads to the enrichment of the sub-soil with
P. As a consequence of this operation, this pool becomes a considerable source of P for
high-yielding crops [81]. It can be, therefore, concluded that chemical tests for the soil
pools of nutrients in the subsoil cannot be limited only to the Nmin content [82,83]. It has
been recently documented that the simultaneous determination of Nmin and some other
key nutrients in the CaCl2-solution is a source of knowledge of both their pools and the
occurring relationships between them [82,83].

Figure 3. Effect of water treatments and potassium management on indices of water use efficiency
(based on [26]. Legend: IR, RF—irrigated and rainfed water treatments; FK+M, ST+H—water short-
age imposed at * stem elongation + heading; ** flowering + early milk. WUE—water Use Efficiency;
Eta—calculated based on evapotranspiration; WLY—calculated based on FAS approach [33].

Figure 4. Status of CaCl2 extractable K during the growing season in three consecutive years (author’s
own result; unpublished). Legend: a, b, c—soil layers of 0–0.30, 0.30–0.60, 0.60–0.90 m; WW—winter
wheat; WR—winter rye; WOSR—winter oilseed rape; *the same set of letters indicates a lack of
significant difference between the treatments.
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The vertical trends in nutrient content variability need to be considered when working
out fertilization recommendations. It has been well-documented in literature that the sub-
soil significantly impacts both the profile of crop rooting and in consequence the uptake
of water and nutrients [76]. Rooting depth is not a constant pattern, even for the same
crop. It changes due to the impact of numerous biophysical, environmental, and also soil
and crop management factors [84]. The rate and habit of the root system, similarly to
the shoot, undergo temporal changes during plant development and in response to its
nutritional status [85]. The depletion of N-NO3 at the onset of WOSR flowering in the
soil layer of 0.9 m depth is a prerequisite of high yield [80]. The efficient uptake of NO3

−

ions depends on the respective concentration of K+ in the soil solution [86]. For the low-
yielding WOSR plantation P resources in the vegetative organs at the onset of flowering
are sufficiently high to cover the requirements of the growing seeds. A high-yield of seeds
can be achieved, but only provided there is efficient remobilization of P from vegetative
tissues, and its simultaneous uptake from the subsoil [77,79,87]. It is necessary to take into
account two other important facts. The first refers to the growth status of the root system.
The onset of flowering results in the progressive root system dying, i.e., the rate of root
mortality is higher than the appearance of new roots [64,88]. It is necessary to stress that
the uptake of both, K and P depends to a much greater degree on the root elongation rate
than on the concentration of both ions in the soil solution [89]. So far, the routine fertilizer
recommendations have neglected the vertical variability of factors responsive to nutrient
uptake by crop plants. This knowledge gap is one of the key reasons for the differences in
the prognosis of crop production intensification in a sustainable way.

4. The In-Season Management of Nitrogen—Cardinal Growth Stages

The first task in the reorientation of the crop production system is to calculate the total
requirement of a currently grown plant for nitrogen. This can be calculated for an average
yield harvested on a particular field or based on the potential yield of a given cultivar in
the same climatic region. Two additional components have to be taken into account to
make a reliable estimation of the total N requirement by the currently grown cultivar. The
first is nitrogen concentration in the main product, for example, seeds or grain. There is
still ongoing scientific discussion with respect to the extent to which N concentration in
seeds or grain is a conservative, i.e., genetically, or environmentally governed trait [90–92].
The second component refers to the partitioning of N taken up by the crop between the
main yield, and its by-product, for example, between grain and straw. At harvest, this
process refers to the value of the nitrogen harvest index (NHI), which is a conservative trait
of seed crops [11,93].

Total N input (Ni) in the soil/crop system for an assumed yield of grain/seeds is
calculated based on the algorithm:

Ni = (YCPY · GNc)/NHI (15)

where:
Ni—nitrogen input, kg ha−1;
YCPY—climatic potential yield of the grown cultivar, kg ha−1;
GNc—grain/seed nitrogen concentration, kg t−1;
NHI—nitrogen harvest index, a value in the range of 0.6–0.8.
The key objective of nitrogen fertilizer (Nf) application is to synchronize its application

time with the crop plant requirement. The dominant factor is the stage of plant growth and
the required content of N, which progressively increases with the crop growth. The right
determination of the Nf dose in the critical stage of yield formation is, therefore, the decisive
factor in the exploitation of the yielding potential of the currently cultivated crop. The crop
demand for N in a particular growth stage depends on the rate of plant biomass growth,
primarily driven by temperature and water supply [94]. The sum of physiologically active
temperatures (GDD), and water and nitrogen supply are major factors for the quantity
of biomass produced by the crop during the respective phase [95]. The rate of seed crop
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growth throughout the vegetative season is not constant. Based on this criterion, three
mega-phases can be distinguished, named as canopy foundation (CF), yield component
construction (YCC), and yield realization (YR) [96]. The first two periods describe the
vegetative part of the plant life cycle and the third one its reproductive phases (Figure 5).
The shape of the dry matter accumulation curve can be described mathematically using
very sophisticated models [97]. In cereals, the CF period, extending from sowing up to the
end of tillering, is responsible for the number of tillers per plant. The course of dry matter
accumulation is best described by the exponential regression model. The YCC period,
extending from the beginning of stem elongation up to flowering, is responsible for the set
of flowers. The rate of dry matter accumulation during this period is best described by the
linear regression model. The dry matter yield of wheat at the end of the CK2 can be used
to make a prognosis of grain yield [98].

Figure 5. A conceptual pattern of dry matter accumulation by a typical seed/grain crop. Legend:
CK1, CK2—cardinal stage 1 and 2, respectively (author’s own concept).

The borderline stages of plant growth, which occur between the mega-phases of CF
and CYC, and between the CYC and YR periods, can be named Cardinal Knots (CKs), i.e.,
CK1 and CK2, for the first and second borderline of consecutive mega-periods, respectively.
These two CKs are decisive stages for yield component formation. For example, as shown
in Figure 6, the content of soil nitrate-nitrogen (NN) during the YCC period of oilseed rape
undergoes a strong depletion (=N uptake by WOSR during the YCC period). The recorded
NN depletion significantly affected the seed density, which was the key yield component,
determining seed yield (R2 = 0.89, p ≤ 0.001). What is most important, however, is the fact,
that the dependence obtained clearly defines the rosette stage (BBCH 30) as the decisive
stage for the yield prognosis (NNop = 163.3 kg ha−1 for Yamax = 77.6 · 1000 seeds m−2). The
result obtained indicates that in farming practice, the time of Nf application has to precede
the BBCH 30. In maize, the second rate of Nf is applied, based on Nmin determination, at
the 5th leaf stage [99,100].

The yield realization (YR) period commences from the onset of flowering and persists
up to the physiological maturity of the plant. It can, however, be divided into two parts.
The first part extends from flowering up to the watery stage of the seed/grain plant growth,
i.e., to BBCH 71 (15% of seed/grain DW). It has well been documented that nitrogen
supply to a seed crop, like cereals and oilseed rape, significantly affects the degree of yield
component expression. The N pool accumulated by the seed plant during its vegetative
growth, i.e., before flowering, considerably impacts the number of seed/grain per field
unit area (physiological sink capacity) [101–103]. The second part of the YR period, which
begins from the early milk-stage (BBCH 72) and finishes at physiological plant maturity
(BBCH 89/90), is termed as the grain/seed filling period (GFP, SFP). The course of dry
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matter accumulation can be described by different mathematical models, but the linear or
quadratic dominate. During this particular period, grain/seed reaches its final individual
weight [104].

Figure 6. The response of seed density of winter oilseed rape to the content of nitrate nitrogen at the
rosette stage and its uptake by the crop up to flowering. (based on [80]. Legend: NN- the content of
nitrate nitrogen at BBCH 30; ΔNN—the change of the NN content during the period extending from
the rosette up the flowering stage of WOSR growth.

Efficient in-season N management, including knowledge of Nmin resources, should
be oriented towards covering the plant N requirements during the period extending from
the onset of flowering to the physiological plant maturity. For the seed crops, 75–85% of
the N finally accumulated in seeds/grains originates from the pre-flowering resources,
i.e., present in vegetative plant parts [90,105]. Post-flowering N management by the crop
canopy can be described by three algorithms:

N remobilization quota: NRQ = Nhv Nfl, kg ha−1 (16)

N remobilization efficiency: NRE = NRQ/Nfl · 100, % (17)

Post-flowering N uptake: PNUP = Nt − Nfl, kg ha−1 (18)

where:
Nhv—N amount in vegetative organs of crop canopy at harvest, kg ha−1;
Nfl—N amount in vegetative organs of crop canopy at the onset of flowering, kg ha−1;
Nt—total N amount in crop canopy at harvest, kg ha−1.
The patterns of N accumulation by the plant between particular CKs during the

growth of a crop are the basis for a build-up of an efficient strategy of the in-season N status
correction. Any free choice of Nf timing and its dose, as frequently observed in classic or
even modern fertilization programs, does not fit the crop requirements for N, being the
main reason for its inefficiency. A sound strategy of N management in seed crops, despite
an almost similar accumulation pattern throughout the life cycle, is crop-specific. For
example, in bread wheat, the key period of yield component formation extends from CK1
to CK2. During this period, the requirement for N results from both (i) the number of grain
per unit area, and (ii) the required protein content in grain [106]. Consequently, a nitrogen
fertilization strategy based on the correction of the plant N status in both CK1 to CK2 should
also take into account protein concentration in grain. As a rule, any increase in the number
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of grains per unit field area results in a protein concentration decrease [107]. Therefore, any
fertilization strategy, oriented to the increase in the crude protein concentration, requires
an extra Nf dose, which should be applied at the end of the CK2. In maize, its nutritional
status at the 5th leaf stage, which slightly precedes CK1, is decisive for the degree of yield
component expression [108,109]. Nitrogen fertilizer should be applied just at such a time
preceding this cardinal stage of maize growth because it affects the potential number of
leaves and cobs. Nitrogen status in maize at the CK2, before the beginning of flowering, is
important for the yield development, but it has only a predictive value [110]. In farming
practice, it makes no sense to apply Nf at this particular stage because the yield was already
fixed in much earlier stages of maize growth.

Nitrogen efficiency depends on the supply of other nutrients needed for its uptake and
utilization [70,111–113]. It is necessary to pay attention to the fact that the accumulation of
K by major crop plants, like wheat, oilseed rape, sugar beets, or potato, is as a rule higher
as compared to N [114,115]. The maximum K uptake by high-yielding WOSR reaches
its maximum during the phase of the main stem elongation [77,78]. It can, therefore, be
concluded that an efficient uptake of K from the subsoil by some crops, in comparison to
N, is a necessary condition for the effective uptake of nitrogen. As recently reported by
Grzebisz et al. [80], the efficient uptake of NO3

- ions by WOSR depends on the adequate
concentration of K and other nutrients, such as Ca and Mg in the sub-soil. All these
nutrients are responsible for the development of yield components by crop plants.

One of the most important priorities in the breeding of crop plants is to increase the
uptake efficiency of nutrients, especially of N and P from soil. Efficient acquisition of water
and nutrients is required for the realization of both production and environmental goals.
The efforts of key breeders have recently focused on the improvement of root system traits
through [116–119]:

(1) Accelerating the early rate of root growth of short-season crops, for example, vegetables;
(2) Increasing root density in the topsoil to increase uptake of freshly applied fertilizers;
(3) Deeper rooting of crops grown in areas vulnerable to nitrate-nitrogen leaching.
(4) Stronger root branching to increase exploration of soil zones rich in mineral nitrogen;
(5) Increasing the density and length of root hairs for effective acquisition of phosphorus

and potassium by a currently grown crop;
(6) Improvement in mycorrhiza association for effective acquisition of phosphorus

and micronutrients.

5. Yield Gap Recognition and Diagnosis of Limiting Factors

An efficient N management strategy should be based on three major variables that
affect the plant growth of a particular crop. Yield variability within a field is a result
of (i) the stage of a crop plant growth, (ii) spatial variability in N uptake by plants, (iii)
vertical variability in soil N pools, and a plant’s access both to these pools and other
nutrients responsible for N use efficiency. It is necessary to assume that the expression
of yield components is a result of the growth pattern of a crop plant encoded in its early
stages [80,120]. The principal difficulty in determining the right Nf dose is the number and
strength of plant growth limiting factors with respect to their spatial variability on the field.
Yield, in fact, its spatial variability within a field, is the ex-post result of (i) the degree of
yield constraints recognized during the growing season, (ii) the efficiency of production
measures applied to ameliorate constraints limiting plant growth and yielding. The spatial
variability of yield is the main reason for the necessity for dividing the entire field area into
zones that differ considerably in productivity [121]. The key challenge is to find a criterion
for the particular field division into zones of the same level of productivity.

The target of modern agriculture is to work out and implement a set of highly reliable
diagnostic tools which will be capable of defining the methods and approaches to the
efficient use of Nf, that are in accordance with the concept of sustainable agriculture [21,122].
This concept, taking the field as the key production unit, is based on three main objectives:

(1) fulfilling the food production gap, in fact, ameliorating the nitrogen gap;
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(2) achievement of a satisfactory level of applied production measures;
(3) a significant decrease in the negative impact of applied Nf on the environment.

5.1. Nitrogen Use Efficiency—Limiting Factors

The most important task for a farmer is to establish a hierarchy of factors affecting
the yield gap in a particular field and recognizing their depth. Irrespective of the climatic
zone, the plant growth rate and development of yield components depend on the supply
of N and its use efficiency [38]. Nitrogen use efficiency (NUE) defines the amount of the
main product, for example, seeds, grain, roots, tubers, per unit of supplied N [123]. This N
index is composed of two sub-units, i.e., nitrogen uptake efficiency (NUtE) and nitrogen
utilization efficiency (NUtE), presented as

NUE = NUpE × NUtE (19)

The simplified interpretation of the first part of this equation, frequently used by crop
breeders, mainly focuses on the amount of soil available nitrogen, i.e., to the low- and
high- N input growth environment [124]. In fact, the amount of available N is a strong
factor discriminating plant crop genotypes [125]. Nitrogen uptake and its subsequent
transformation into plant biomass, i.e., NUtE, depends both on the physiological potential
of a plant to take up N from its soil resources, and on soil factors limiting the rate of its
uptake and subsequent utilization by a plant [113]. The spatial variability of yield clearly
indicates that the amount of N taken up by plants of the same cultivar, i.e., having an
identical yielding potential, is also spatially variable. Plants suffering from an N shortage
due to their lower supply during the cardinal stages of yield formation are not unable to
capture the same amount of solar energy compared to those growing in conditions of ample
water and N supply. As a result, these plants are not capable of achieving the rate of growth
as determined by the supply of light energy [126]. The ex-post formulated questions are: (i)
at what stage of crop plant growth does the yield formation become limited by a shortage
of N? (ii) what is the reason for the insufficient N uptake? The first question has been
thoroughly discussed in Part 4. of this review. The second question should focus the
farmer’s attention on factors pertaining to the plant potential at a particular stage of its
growth to access water and nutrient resources.

5.2. Diagnostic Tools for the In-Season and Spatial Yield Gap Control

The recognition of the yield gap and its size requires an implementation of a set of
analytical tools with a capacity to make a reliable diagnosis of factors that limit plant
growth and yield. A significant improvement in NUE is possible provided there is a
reliable quantification of soil characteristics limiting both N uptake and its utilization
by the currently grown plant. Hence, a single field is considered a basic unit in any
diagnostic procedure.

The key characteristic of the yield of a currently grown crop is its spatial variability
(Figure 7). The hierarchy of factors decisive for NUE is well recognized, but not always
taken into account by farmers and their advisors. The primary tasks, aimed at an improved
strategy for spatial N management, are to polygonize the field based on:

(1) the climatic yield potential (CYP), and the water-limited yield (WLY);
(2) the total requirement of the crop for nitrogen;
(3) primary soil characteristics, assuming a homogenous regime of water and nitrogen

supply to the
(4) currently grown crop during its critical stages of growth;
(5) soil pH and the content of active aluminum, as the key factor limiting the root system

growth of crop plants;
(6) contents of available nutrients, assuming a homogenous regime of their supply to the

currently grown crop.

21



Agronomy 2021, 11, 419

It is necessary to create a broad set of zonation maps with respect to soil and crop
characteristics to get an operational tool to establish homogenous field production units
(HFPUs) [127,128]. Therefore, the soil water capacity and its availability to the currently
grown crop determine the first criterion of the field zonation. The primary factor affecting
the diffusion of ions toward the plant root in the soil is the content of available water [50,58].
This factor shows a strong spatial and vertical variability within the growing season,
significantly affecting crop growth at cardinal stages of yield component formation [129].
As discussed in Part 3, the amount of available water is defined by the content of colloids
and soil structure. Hence, the main reason for existing variabilities in the available water
content is the content of mineral colloids. The primary data can be collected using the
classic diagnostic procedures of soil analysis. The working out of zonation maps requires
the implementation of geostatic methods [130,131]. The advantage of the classic methods
of basic soil characteristic determination is the necessity to analyze water and nutrient
resources present both in the topsoil and in the sub-soil which is rooted by a currently
grown plant [80,120].

Figure 7. Spatial variability in winter oilseed rape yield expressed in cereal units (source: [128]).

The crop plant requirement for Nf is the key in-season nutritional factor, responsible
for the development and status of yield components. The Nf dose can be calculated based
on two characteristics of crop canopy:

(1) the rate biomass increase during a particular phase, in particular, within the period
defined by cardinal knots (Figure 5);

(2) the trend in N concentration in plants during vegetative growth, with special attention
to CKs.

A sequential determination of the N content along the growing season of a plant is a
primary tool for its N status assessment. As a rule, during the vegetative growth of the
seed crop, the proportion of active metabolic tissues (leaves) decreases stage-by-stage with
respect to structural ones (stem). Consequently, the total N concentration in plant tissues
decreases during vegetative growth, but its content in the plant progressively increases,
reaching the highest value just before the onset of flowering (CK2). The temporal variability
in relationships between crop dry matter biomass and N concentration is described by the
following set of equations [132]:
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(1) Nc—the critical N concentration, % or g N kg−1 DM

Nc = aW−b (20)

(2) NNI—Nitrogen nutrition index,

NNI = Na/Nc (21)

where: W—crop biomass, t ha−1; a and b—estimated parameters.
The Nc curve is expressed as a power function, but its parameters are both crop and

growth condition specific. As reported by Song et al. [133], an Nc based only on rice leaf
dry matter was expressed as Nc = 1.96LDM

−052. The in-season crop N nutritional status
can be evaluated as proposed by Chen et al. [134] for winter wheat based on three classes:

(a) N deficient for NNI < 1.00,
(b) N optimum for 1.00 ≤ NNI ≤ 1.25;
(c) N surplus: NNI ≥ 1.25.

As discussed in Part 4, the yield is the outcome of the efficiency of crop production
factors. A major characteristic of a crop plant is its time variability in requirements for
water, nitrogen, and nutrients responsible for the efficiency of both key growth factors.
In-season evaluation of plant nutritional status relies on plant destructive sampling and
nutrient concentration determination in the lab. The key disadvantages of classic diagnostic
methods are:

(1) ex-post data, delaying the diagnosis of plant nutritional status, and in consequence a
recommendation of the Nf rate;

(2) lack of data about spatial heterogeneity in plant nutritional status, resulting in

(a) uniform N fertilizer rate application, hardly related to the real, i.e., spatial
variability in plant requirements for N,

(b) low efficiency of applied nitrogen,

A significant increase in NUE requires the implementation of new diagnostic tools,
capable of quantifying a crop plant requirement for N in real-time (a defined stage of
plant development) and taking into account spatial differences in the productivity of field
homogenous units. There has been considerable technological progress in developing
different sorts of non-invasive instruments of potential use in plant nutritional status
determination [135–137]. Remote sensing is a technique that offers a broad set of effec-
tive diagnostic tools to meet both production and environmental objectives. All spectral
techniques rely on the plant’s ability to absorb and simultaneously reflect solar radiation.
Remote-sensing techniques can make a rapid assessment of plant biomass, leaf area index,
nitrogen content, chlorophyll content, and finally yield [138]. The information capacity
of hyper- and multi-spectral imagery is several times larger as compared to any classical
diagnostic tool.

Based on the spectral imagery of a field, it is possible to create a zonal map of a
temporary crop N status. The selection of the most reliable spectral indices depends on
the sensitivity of spectral bands to both the total N course during plant growth (Nitrogen
Dilution Curve—Nc) and canopy structure (biomass, density, N concentration). It has been
confirmed that the intensity of solar radiation reflectance in visible light (waveband 400 to
720 nm) is negatively correlated with leaf N content, while NIR reflectance is positively
correlated with leaf N content and/or crop biomass [139]. The Normalized Difference
Vegetation Index (NDVI) is the most frequently used diagnostic tool for the N content and
crop biomass determination [140–142]. In fact, NDVI allows a reliable diagnosis of N status
in cereals only during the early stages of growth. This index reaches saturation status at
dense canopies [143,144]. This weakness has been recently overcome by developing a new
set of Vegetable Spectral Indices (VIs) worked out on bands lying in other spectral regions,
including the red-edge region (700–740 nm). Scientific reports have published data on VIs
which are capable of predicting an LAI extending from 0 to 6 [145].
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6. Conclusions

The sustainable intensification of agriculture is a concept which relies on the as-
sumption of realizing two, seemingly contradictory goals, i.e., increasing food production
but without a negative impact on local or global ecosystems. This twin objective can be
achieved if solutions strictly oriented towards amelioration of the yield gap are put into
agricultural practice, which will involve a reliance on increasing efficient nitrogen use. The
inefficiency of nitrogen in the soil/crop plant system, i.e., the Nitrogen Gap, requires a
three-dimensional diagnosis. The first, as a matter of fact, the major variability refers to the
in-season variability in the nitrogen requirements of the currently grown crop. This gap can
be filled by a synchronization of the demand of a grown plant for nutrients, in fact, driven
by nitrogen applied in the required Nf dose and at the right time. The recorded inefficiency
of in-season applied nitrogen is due to the spatial variability of its supply. The main reason
for the occurrence of the NG is both spatial and vertical variability in soil characteristics
responsible for N uptake and its subsequent utilization by plants. The recognition of the
size and strength of a plant’s growth constraints, the disturbing formation of yield, is the
prerequisite for dividing a field into zones of homogenous levels of productivity. Because
the capacity of soil to soil water storage depends on the content of colloidal particles, the
first goal of soil fertility amelioration is to increase the humus stock. This production
objective is especially important for field zones naturally poor in mineral colloids. The
subsequent steps in the action oriented to soil fertility amelioration depend on a farmer’s
ability to recognize the level of the subsoil fertility, including the content of available water
and nutrients, and on the access of the currently grown crop to these resources during the
growing season. A diagnosis of the soil fertility status is important for the development of
application techniques of both nitrogen and nutrients, supporting its use efficiency. Classic
and remote sensing techniques should be simultaneously applied to delineate the field into
units of the homogenous level of productivity. Remote-sensing is the most efficient tool for
the in-season diagnosis of the N plant status, provided it can discriminate the productivity
of each field unit.
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Abstract: The aim of this study was to assess the effect of selected biostimulators and foliar fertilizers
on plant development, plant yield, soil fertility and soil biochemical activity (dehydrogenases,
phosphatases, catalases) during the cultivation of pea (Pisum sativum L.). A field experiment was
conducted between 2016 and 2018 at the Gorzyń Experimental and Educational Station, Poznań
University of Life Sciences in Poland. The following treatments were tested: (1) control; (2) Titanit;
(3) Optysil; (4) Metalosate potassium; (5) Rooter; (6) Bolero Mo; (7) Adob Zn IDHA; (8) Adob B and
(9) Adob 2.0 Mo. Adob Zn IDHA stimulated yields, especially under average moisture conditions
and less so in drought conditions, and the differences compared to control amounted 8.36 and
4.3%, respectively. The results showed a close relationship between the effects of the biostimulators
and foliar fertilizers and weather conditions during the study. It was not possible to determine
whether any of the biostimulators or foliar fertilizers had a positive effect on pea seed yield in any
year. Similarly, it was difficult to clearly determine the effect of the biostimulators and fertilizers on
biochemical activity in the soil, although soil enzyme activity was influenced most by application of
the Bolero Mo fertilizer. In all study years, biological nitrogen fixation was always greater after the
application of a biostimulator/fertilizer treatment.

Keywords: maximum photochemical efficiency of photosystem II; chlorophyll content index;
soil enzymatic activity; biological index fertility; nitrogenase activity; microelements fertilization (Ti;
Si; B; Mo; Zn)

1. Introduction

The value of pea (Pisum sativum L.) as a crop can be assessed in two ways. Firstly, as the seeds
contain 20–24% protein, they are a valuable food and feed source [1]. Secondly, the crop residues that
remain in the field after cultivation favourably affect the physical, chemical and biochemical properties
of the soil [2]. Currently, European Union (EU) rules for integrated plant cultivation and the so-called
greening [3] are perfectly tailored for this species in respect to the above requirements. According
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to the Agriculture Restructuring and Modernization Agency (ARIMR), the area of pea cultivation in
Poland was 56,164 ha in 2019.

For many years, the agricultural practice in EU countries, adapting to introduced directives,
has been to use environmentally friendly technologies to reduce the use of pesticides and to eliminate
their active substances in the environment [4]. Thus, it is increasingly difficult for producers to limit
biotic plant stress, such as pests, disease and weed infestation.

In addition, climate change, especially the periods of drought that increasingly occur during the
growing season, has created many problems for growers [5], although some solutions are available,
e.g., improvement of water retention by increasing the proportion of organic matter in the soil,
limiting (unproductive) evaporation from the soil with agrotechnical methods, as well as the use of
biostimulators [6,7]. While many definitions exist, a biostimulator is generally defined as “any substance
or microorganism applied to plants with the aim to enhance nutrition efficiency, abiotic stress tolerance
and/or crop quality traits, regardless of its nutrient content” [8]. However, it should be noted that
biostimulators are not fertilizers in the sense that they do not contain nutrients intended to be delivered
to the plant. Nevertheless, they may facilitate nutrient acquisition, e.g., by mobilizing elements in
the rhizosphere or by developing new routes of nutrient acquisition, such as fixation of atmospheric
nitrogen through the recruitment of bacterial endosymbionts [8].

The use of biostimulators in the cultivation of various plant species, including Fabaceae, has been
shown to have contradictory effects, with some studies reporting a beneficial effect [9,10], while others
have shown no effect [8,11]. As such, it can be assumed that the variation in effects come not only from
the composition of the individual products but also from the timing of the application and the time
between application and the occurrence of biotic or abiotic stress [12,13].

The sustainability of the soil ecosystem can be evaluated with biologically-based indicators,
and soil enzymes have been effectively utilized as indicators of soil quality across a range of farming
systems [14]. Improved knowledge of how soil enzymes function, and the factors that influence activity
is vital to enhance soil management and quality, and food production. Soil enzymes catalyze and
expedite organic matter decomposition and regulate nutrient cycling, and can, therefore, be used
as a biological index for soil quality. In practice, soil enzymes can be simply integrated, are easily
quantified, and are much more sensitive to soil management changes (than other soil quality indicators).
Their activities are influenced by a range of factors, e.g., soil depth, type, temperature, moisture content,
pH level, quality and quantity of available substrates, and management regimes. However, the activity
of an individual enzyme is not reflective of soil quality as single enzyme activities are not representative
of the rate of all metabolic processes (except if they catalyze a single specific reaction). Therefore,
to accurately determine the level of soil quality, a number of enzyme activities should be evaluated.
Catalases and dehydrogenases are found in the soil as essential parts of complete living microbial
cells. They can be used as a measure of general microbial activity in the soil and, therefore, can be
employed to derive a biological indicator of fertility (BIF). As members of the oxidoreductases class,
these enzymes fulfil the most important functions in the environment [15]. Hydrolases are another
important group of soil enzymes and include phosphatases, which participate in the phosphorus cycle.

The vast availability of fertilizers and biostimulants leads to an independent assessment of their
value in terms of plant-soil interaction. This is the reason of the aim of the study to determine the effect
of selected biostimulators and foliar fertilizers on the development and yield of pea, and to evaluate
the fertility and biochemical activity (dehydrogenases, phosphatases, catalases) of the soil that they are
grown on.

2. Material and Methods

2.1. Experimental Design

Between 2016–2018, experiment was conducted each year at the Gorzyń Experimental and
Educational Station, Poznań University of Life Sciences (N—52.56692, E—015.90933, 69 m AMSL) to

32



Agronomy 2020, 10, 1558

assess plant reactions and soil microbiological changes after the application of selected biostimulators
and foliar fertilizers during the cultivation of pea (‘Tarchalska’ variety). The experiment was a
randomised block design with four replications and 36 plots (plot size 14 m × 1.5 m (21 m2)).

The research factor was the use of biostimulators or foliar fertilizers with 9 levels:

(1) Control—plants were not treated with biostimulators or foliar fertilizers.
(2) Titanit.
(3) Optysil.
(4) Metalosate potassium.
(5) Rooter.
(6) Bolero Mo.
(7) Adob Zn IDHA.
(8) Adob B.
(9) Adob 2.0 Mo.

Each biostimulator and fertilizer was applied in a timely manner, according to the manufacturer’s
recommendations (Table 1).

Table 1. Timing of application and dosage of biostimulators and fertilizers applied in the study.

Biostimulator and
Foliar Fertilizer

Term and Dose of
Biostimulators

Biostimulator and Fertilizer Characteristics

B
io

st
im

u
la

to
rs Tytanit

I: BBCH 13–14
II: BBCH 31–32

0.3 0.3 dm3 ha−1

Liquid, mineral stimulant containing titanium (Ti). It increases
the yield, volume and development of plants, improves yield

quality parameters and increases plants’ natural resistance
to stress.

Composition: 8.5 g Ti (dm3)−1

Rooter BBCH 13–14
1 dm3 ha−1

Biostimulator—it stimulates the growth of the root system,
accelerates regeneration and improves the uptake of

soil minerals.
Composition: P2O5 13.0%; K2O 5.0%

F
o

li
a

r
fe

rt
il

iz
e

rs

Optysil

I: BBCH 16–18
II: BBCH 52–55
III: BBCH 71–73

0.5 dm3 ha−1

Liquid, silicon antistressor stimulating the growth and
development of plants, activating their natural immune system,
and increasing tolerance to unfavourable cultivation conditions.

Composition: 200 g SiO2 (dm3)−1

Metalosate
potassium

I: BBCH 11–13
II: BBCH 18–20
III: BBCH 31–32

3 dm3 ha−1

Liquid foliar fertilizer containing an easily absorbable form of
potassium, which supplements potassium deficiency in plants

with amino acids.
Composition: K2O 24%

Bolero Mo BBCH 58
1.5 dm3 ha−1

Liquid foliar fertilizer containing boron and molybdenum to
supplement deficiency in plants.
Composition: B 8.2%; Mo 0.8%

Adob Zn
IDHA

BBCH 58
1 dm3 ha−1

Foliar fertilizer containing zinc (Zn) fully chelated by
biodegradable chelating agent IDHA.

Composition: Zn 100 g kg−1 (weight percentage content 10,
chelated by IDHA)

Adob B BBCH 55–58
2 dm3 ha −1

Liquid, highly concentrated foliar fertilizer containing boron
that regulates auxin activity and participates in cell division.

Composition: N 78 g kg−1; B 150 g kg−1

Adob 2.0 Mo BBCH 11–13
0.15 dm3 ha −1

Liquid, single-component fertilizer which increases the rate and
efficiency of use of nitrogen by plants and improves interaction

with iron.
Composition: Mo 20%

BBCH—A uniform decimal code for growth stages of crops and weeds, IDHA—chelating agent.
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A chlorophyll fluorescence meter (OS5p, Opti-Sciences, Inc., Hudson, NY, USA) with
a photosynthetic active radiation (PAR) clip was used to measure the following parameters:
F0—minimum fluorescence, Fm—maximum fluorescence, Fv—variable fluorescence and Y—quantum
yield of photosynthetic energy, which are necessary to calculate the maximum photochemical efficiency
of photosystem II (Fv/Fm), according to the formula (Fv/Fm = Fm − F0/Fm). Settings for the fluorometer
protocols were selected according to Sulewska et al. [16] as follows: modulation source: red; modulation
intensity: 25; detector gain: 08; saturation flash intensity: 30; flash count: 001; flash rate: 255 (s).
A chlorophyll meter CCM-200 was used to determine the Chlorophyll Content Index (CCI). Leaf Area
Index (LAI) was determined with a SunScan Canopy Analysis System type SSI (Delta-T Devices,
Cambridge, UK). The agrotechnical and cultivation treatments were carried out in accordance with the
principles of good agricultural and experimental practice for this species [17]. Agrotechnical treatments
and the dates of their implementation in the individual years of the study are presented in Table 2.

Table 2. Type and date of agrotechnical treatments carried out in the study.

Treatment 2016 2017 2018

Tilling set 04.04 03.04 05.04

Sowing date 04.04 04.04 07.04

Herbicide
spraying

05.04
Afalon Dyspersyjny 1.1 L/ha

04.04
Stomp Aqua 455 CS 2.6 L/ha

09.04
Stom Aqua 455 CS 2.6 L/ha

Herbicide
spraying

13.05
Basagran 480 SL 2.6 L/ha

26.05
Panthera 040 EC 1.75 L/ha

16.05—Fusilade forte 150 EC
1.7 L/ha

Insecticide
spraying _ 17.05 and 29.05 Dursban 480

EC 1.25 L/ha
15.05 and 13.06 Superkill 500

EC 0.06 L/ha

Fungicide
spraying

30.05
Gwarant 500 SL 2.0 L/ha

05.06. and 24.06
Azoksystrobina 250 SC 1.0 L/ha _

Fungicide
spraying

30.06
Korazzo 250 SC 1.0 L/ha

12.07
Signum 33 WG 0.8 kg/ha +

Piorun 200 SC 0.2 L/ha

22.05
Korazzo 050 SC 1.2 L/ha

Harvest date 19.07 31.07 29.06

CS—capsule suspension, SL—soluble concentrate, EC—emulsifiable concentrate, SC—concentrate in the form of a
concentrated suspension.

We used the white-flowered pea variety ‘Tarchalska’ from Danko (Poland). According to the
FAO/WRB classification, the soil at the study site was classified as a typical luvisol soil formed from light
loamy sands, deposited in a shallow layer on light loam (Haplic Luvisols) [18]. Potassium, manganese,
copper and iron contents were average; phosphorus, magnesium, boron and zinc contents were high;
and molybdenum content was very low (Table 3). Soil pH was 6.5, which indicates that the soil was
slightly acidic, and humus content was also low.

2.2. Weather Conditions

Weather conditions during the growing seasons (2016–2018) are presented using the hydrothermal
index, according to Sielianinov [19] (Figure 1). Variability in weather conditions during the study was
reflected in the index values. Low index values (multi-year average) were recorded in March 2016 and
2017, April 2016, 2017 and 2018, May 2016 and 2018, June and July 2018, August 2018 and September
2016 and 2018. More favourable moisture conditions during the growing season were observed in 2016
and 2017, compared to the much drier 2018 growing season (May: K = 0.43, June: K = 0.41).
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Table 3. Soil characterization at the study site.

Mineral Component mg·kg−1 Soil Abundance

Manganese 164.1 average

Zinc 15.4 high

Copper 2.6 average

Iron 728.0 average

Boron 10.2 high

Molybdenum below testing limits very low

Phosphorus 8.64 mg P/100 g soil high

Potassium 12.28 mg K/100 g soil average

Magnesium 5.3 mg mg/100 g soil high

Humus content 0.8% poor

C-org % 0.48

pH in 1 M KCl 6.5 slightly acid

Figure 1. Sielianinov index (K) during the growing seasons 2016–2018 (recorded at the
Agrometeorological Observatory in Gorzyń, Poland). Sielianinov K Index: <0.5—drought,
0.5–1.0—semi-drought, 1.0–1.5—zone of optimal moisture, >1.5—excessive moisture.2.3. Influence of
Fertilizers on Nitrogenase Activity (Diazotrophy).

At the commencement of the flowering phase, the level of diazotrophy (as expressed by nitrogenase
activity) was measured with the acetylene-ethylene reduction (ARA) method [20]. Five plants were
randomly selected from the experimental treatment plots and were placed into tightly sealed 2000 mL
vials. To achieve a 10% (v/v) acetylene concentration in the gas phase (air), purified acetylene (C2H4)
was then injected into each vial. After one hour, 1 mL of gas was withdrawn and stored in small
glass vials (each vial sealed with a rubber septum and aluminum seal). Ethylene concentration was
quantified using a gas chromatograph CHROM 5 (Laboratorni Přistroje, Praha, Czech Republic).
Dinitrogenase activity was quantified as the amount of acetylene reduced to ethylene (expressed
as nMC2H4 plant−1 h−1) and is presented here as the average value of five replications (from each
measurement).
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2.3. Soil Sampling for Biochemical Analysis

The soil samples that were collected from the upper 0–20 cm layer were used for biochemical
analyzes. During the study period, the samples were collected at four terms during each growing season:
1st term—plant emergence (BBCH 5–10), 2nd term—full plant growth (BBCH 35–40), 3rd term—plant
inflorescence (BBCH 51–59), 4th term—after harvest.

Soil samples were collected from 5 locations in each experimental plot (in four replications for
each of the nine treatments). In total, 36 soil samples (weight per sample: 1 kg) were collected.

2.4. Soil Enzymatic Activity

Soil enzyme activity in the treatments was measured as follows:

– Dehydrogenases (EC 1.1.1.)—with 1% TTC (triphenyltetrazolium chloride) as a substrate after
24-h incubation at 30 ◦C, at a wavelength of 485 nm, expressed as μmol triphenylformazan (TPF)
24 h−1 g−1dm of soil; colorimetry measurements [21];

– Acid and alkaline phosphatase (EC 3.1.3.2)—with sodium p-nitrophenyl phosphate as a substrate
after 1-h incubation at 37 ◦C, at a wavelength of 400 nm; expressed as μmol para-nitrophenol
(PNP) h−1 g−1dm of soil (Novospac spectrophotometer); spectrophotometry measurements [22];

– Catalase (EC 1.11.1.6)—with 0.3% hydrogen peroxide as a substrate after 20 min incubation at
room temperature (about 20 ◦C); titrated with 0.02 M potassium permanganate until its colour
was light pink; expressed as μmol H2O2 min−1 g−1dm of soil; manometrically measurements [23].

2.5. Biological Index of Fertility (BIF)

BIF was determined by employing dehydrogenase activity (DHA) and catalase activity (CAT) [24]
using the formula: (DHA + kCAT)/2, where k is the proportionality factor (= 0.01).

2.6. Statistical Analyses

R and Statistica 12.0 (StatSoft Inc., Poland, Krakow) software packages were used for all statistical
analyses. The effects of the experimental factor (biostimulant/fertilizer), and the development phase
term (based on the BBCH scale) on enzymatic activity in the soil were tested with three-way ANOVA
(Tables S1–S5). Nitrogenase activity and agronomic parameters were tested using two-way ANOVA
(Tables S6–S16). Homogeneous subsets of mean were identified by means of Duncan’s test, at a
significance level of α = 0.05.

As year was a variable, we used soil biochemical activity parameters (model 1) and agronomic
parameters, together with biological nitrogen fixation (BNF) (model 2) ANOVA mixed models.
The impact of two or three explanatory variables on the response variable, respectively, was assessed.
In both cases, the following models were used:

yijkl = μ+ αi + β j + γk + (βγ) jk + (αβ)i j + (αγ)ik + (αβγ)i jk + eijkl (model 1) (1)

yikl = μ+ αi + γk + (αγ)ik + eikl (model 2) (2)

where: μ—is the overall average value, αi—is the effect of the operation of the random factor of year at
level i (i = 1, 2, 3), β j—is the effect of the action of the fixed factor term at level j (= 1, 2 . . . , 4), γk—is the
effect of the fixed fertilization factor at level j (= 1, 2 . . . , 9 j (= 1, 2 . . . , 9), with appropriate interactions
of these factors, and eijkl—is the residual error.

In cases where the interaction of year with the other factors was significant, an analysis was carried
out for each year separately. To estimate the cause-and-effect relationship between the studied soil
biochemical activity parameters and agronomic parameters, principal component analysis (PCA) was
used for each year separately, as well as for combined years. PCA was performed with the use of
an appropriately scaled correlation matrix. PCA analysis was used to demonstrate the similarities
between independent variables and determines the components that are a linear combination of the
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variables considered. Accurate analysis of the principal components allows the identification of the
initial variables that are the reference system for the remaining variables.

A heat map (using the heatmaply function in R), was proposed as a graphical presentation
of appropriately transformed data of soil biochemical activity parameters, agronomic parameters,
and biological nitrogen fixation (BNF). Data transformation using ‘normalise’ was used to compare
and group different data.

Fertilization data were represented by colours. Cluster analysis allowed for the grouping of both
soil biochemical activity and agronomic parameters after the application of biostimulators, and the
effect of the fertilizers/biostimulators so that the degree of connection between the applied fertilization
treatments within one group was the largest, while the degree of connection between groups was
the smallest.

Grouping of tree diagrams was obtained by using the Ward Hierarchical Clustering method and
the Euclidean distance measurement.

3. Results

3.1. Yield, Biometric and Physiological Traits of the Pea Plants

The effects of the biostimulators and foliar fertilizers on the pea plants were variable between
years and depended on weather conditions (Table 4). In 2016, which was characterized by average
precipitation levels during the growing season, the greatest increase in yield (compared to the control)
was observed after application of Bolero Mo or Adob Zn IDHA and amounted to 0.36 and 0.28 t ha−1,
respectively. In 2017, which was characterized by good water availability throughout the entire
growing season, a significant increase in seed yield (compared to the control) was observed after
the application of Rooter, Adob 2.0 Mo, and Optysil, and amounted to 0.39, 0.62 and 0.80 t ha−1

respectively. In 2018, which was characterized by very poor water supply during the critical period
for pea development, seed yields were very low. In the event of drought stress, none of the tested
biostimulators and fertilizers contributed to a significant increase in yield (Table 4).

Table 4. The influence of biostimulator and fertilizer treatments on crop yield (t ha−1).

Experimental Combination
Year of Analysis

2016 2017 2018

Control—no biostimulator or foliar fertilizers applied to the plants 3.07 c 5.21 cd 1.33 ab
Tytanit 3.34 ab 5.31 cd 1.26 ab
Optysil 3.00 cd 6.01 a 1.21 b

Metalosate potassium 3.12 c 5.15 d 1.30 ab
Rooter 3.13 bc 5.60 b 1.34 ab

Bolero Mo 3.43 a 5.42 bc 1.34 ab
Adob Zn IDHA 3.35 a 5.40 bc 1.39 a

Adob B 3.33 ab 5.33 cd 1.29 ab
Adob 2.0 Mo 2.79 d 5.83 a 1.30 ab

Different letters denote significant differences at level α = 0.05.

Features such as seed moisture content at harvest (Table 5), pod weight per plant and seed weight
in one pod were affected more by weather conditions during the study period than by the application
of biostimulators and fertilizers. A significant reduction or increase (compared to the control) in the
values of these features was not found across years as a result of the use of a biostimulator or foliar
fertilizer, therefore, tables with these results are not included in the paper.
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Table 5. The influence of biostimulator and fertilizer treatments on seed moisture content (%).

Experimental Combination
Year of Analysis

2016 2017 2018

Control—no biostimulators or foliar fertilizers applied to the plants 12.6 ab 14.0 ab 15.0 a
Tytanit 11.6 b 15.2 a 14.3 a
Optysil 12.5 ab 14.5 ab 14.7 a

Metalosate potassium 12.4 ab 14.4 ab 14.3 a
Rooter 12.6 ab 13.2 b 14.3 a

Bolero Mo 13.0 a 15.0 a 14.6 a
Adob Zn IDHA 12.7 ab 14.5 ab 14.6 a

Adob B 12.9 a 15.3 a 15.0 a
Adob 2.0 Mo 12.8 a 14.4 ab 14.6 a

Different letters denote significant differences at level α = 0.05.

Similarly, the 1000 seed weight changed more strongly under the influence of weather conditions
during the study period than from the treatments (Table 6). In 2016, a significantly higher 1000 seed
weight value was observed after the pea crop was fertilized with Adob Zn IDHA, with an increase in
yield of 11.5 g (compared to the control). In 2017, the increase in yield was 18.1 g, after application of
Bolero Mo, while no differences were observed between treatments in the drier 2018.

Table 6. The influence of biostimulator and fertilizer treatments on the 1000 seed weight (g).

Experimental Combination
Year of Analysis

2016 2017 2018

Control—no biostimulators or foliar fertilizers applied to the plants 258.9 bcd 284.7 b 189.6 a
Tytanit 255.3 cd 285.2 b 195.3 a
Optysil 264.7 abc 290.5 ab 197.1 a

Metalosate potassium 255.6 cd 296.9 ab 190.7 a
Rooter 265.4 ab 290.0 ab 185.6 a

Bolero Mo 259.7 bcd 302.8 a 185.3 a
Adob Zn IDHA 270.4 a 299.8 ab 186.6 a

Adob B 254.4 d 298.1 ab 189.9 a
Adob 2.0 Mo 261.7 abcd 289.0 ab 201.4 a

Different letters denote significant differences at level α = 0.05.

In 2016, seed weight per plant was significantly greater than in the control treatment after the
application of Metalosate Potassium, Optysil and Rooter. In the drier 2018, seed weight per plant was
significantly greater after the application of Bolero Mo and Optysil, while in 2017, when the plants
were supplied with sufficient water, seed weight per plant increased after application of the treatments,
although none were statistically significant (Table 7).

The share of seed in whole plant weight changed significantly under the influence of the
biostimulators and fertilizers in two (2017 and 2018) of the three years (Table 8). In the wetter 2017,
no differences were found after the application of any of the treatments (compared to the control),
while in the drier 2018, a significant increase of 20.2 percentage points occurred only after the application
of Bolero Mo. Plant height was another feature that changed more between years than from the
influence of the treatments (Table 9). A significant increase in plant height was only found in 2016,
which followed the application of Adob Zn IDHA, Adob B, and Metalosate potassium, and was 10.3,
10.8 and 13.5 cm respectively. Plant dry mass was significantly greater in 2016 after Adob B application,
in 2017 after Adob Zn IDHA application, Adob B, and Metalosate potassium applications, and in the
drier 2018 after spraying with Optysil (Table 10).
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Table 7. The influence of biostimulator and fertilizer treatments on seed weight per plant (g).

Experimental Combination
Year of Analysis

2016 2017 2018

Control—no biostimulators or foliar fertilizers applied to the plants 1.56 b 4.33 a 1.55 c
Tytanit 3.08 ab 4.40 a 0.98 c
Optysil 3.78 a 5.01 a 3.16 a

Metalosate potassium 3.89 a 5.39 a 1.51 c
Rooter 3.54 a 5.42 a 1.44 c

Bolero Mo 2.90 ab 5.71 a 2.31 b
Adob Zn IDHA 3.56 ab 5.79 a 1.20 c

Adob B 3.51 ab 5.96 a 1.24 c
Adob 2.0 Mo 3.20 ab 6.49 a 1.32 c

Different letters denote significant differences at level α = 0.05.

Table 8. The influence of biostimulator and fertilizer treatments on the share of seed in whole plant
weight (%).

Experimental Combination
Year of Analysis

2016 2017 2018

Control—no biostimulators or foliar fertilizers applied to the plants 37.9 a 48.6 ab 41.4 b
Tytanit 53.8 a 51.4 ab 30.4 b
Optysil 55.2 a 68.9 a 49.2 ab

Metalosate potassium 62.3 a 48.0 ab 44.9 ab
Rooter 66.0 a 60.5 ab 33.8 b

Bolero Mo 50.9 a 48.4 ab 61.6 a
Adob Zn IDHA 53.1 a 38.0 b 33.6 b

Adob B 45.0 a 44.8 ab 34.2 b
Adob 2.0 Mo 51.5 a 46.6 ab 38.8 b

Different letters denote significant differences at level α = 0.05.

Table 9. The influence of biostimulator and fertilizer treatments on plant height (cm).

Experimental Combination
Year of Analysis

2016 2017 2018

Control—no biostimulators or foliar fertilizers applied to the plants 49.8 b 92.3 ab 54.0 abc
Tytanit 56.9 ab 89.1 ab 55.7 ab
Optysil 59.3 ab 85.6 ab 43.8 d

Metalosate potassium 63.3 a 86.5 ab 47.7 cd
Rooter 58.9 ab 87.3 ab 51.5 bcd

Bolero Mo 59.4 ab 83.0 b 59.3 a
Adob Zn IDHA 60.1 a 88.6 ab 59.1 ab

Adob B 60.6 a 100.0 a 53.4 abc
Adob 2.0 Mo 55.2 ab 96.3 ab 56.1 ab

Different letters denote significant differences at level α = 0.05.

Application of biostimulators and foliar fertilizers significantly changed the CCI (Table 11). In 2016
and 2017, the Rooter, Optysil and Bolero Mo treatments significantly stimulated CCI compared to the
control treatment, while in the drier conditions of 2018, the application of all treatments, except Rooter
and Adob B, significantly increased the CCI value. It should also be noted that the CCI was slightly
modified by the weather conditions between years.
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Table 10. The influence of biostimulator and fertilizer treatments on plant dry mass (g).

Experimental Combination
Year of Analysis

2016 2017 2018

Control—no biostimulators or foliar fertilizers applied to the plants 4.57 b 8.93 bc 3.78 b
Tytanit 5.71 ab 8.47 c 3.19 b
Optysil 6.85 ab 8.45 c 6.43 a

Metalosate potassium 6.24 ab 13.89 a 3.43 b
Rooter 5.36 ab 9.29 bc 4.25 b

Bolero Mo 5.70 ab 12.25 abc 3.90 b
Adob Zn IDHA 6.70 ab 12.94 ab 3.59 b

Adob B 7.78 a 12.98 ab 3.59 b
Adob 2.0 Mo 6.18 ab 11.66 abc 3.39 b

Different letters denote significant differences at level α = 0.05.

Table 11. The influence of biostimulator and fertilizer treatments on the Chlorophyll Content
Index (CCI).

Experimental Combination
Year of Analysis

2016 2017 2018

Control—no biostimulators or foliar fertilizers applied to the plants 16.6 cd 12.8 cd 13.5 c
Tytanit 16.6 cd 15.1 cd 20.3 b
Optysil 22.4 a 23.8 ab 20.9 ab

Metalosate potassium 18.8 bc 16.3 c 21.4 ab
Rooter 20.9 ab 27.4 a 15.2 c

Bolero Mo 22.8 a 22.5 b 23.1 a
Adob Zn IDHA 14.3 d 17.1 c 19.2 b

Adob B 16.0 cd 16.9 c 14.5c
Adob 2.0 Mo 16.2 cd 11.0 d 21.4 ab

Different letters denote significant differences at level α = 0.05.

Chlorophyll fluorescence (Fv/Fm parameter) describes the physiological state of a plant and
provides a measure of its stress level. In the measurements carried out at the beginning of the
maturation phase (BBCH 78) in 2016, plants fertilized with Adob Zn IDHA or Adob B were in a
significantly better condition than the control plants. In 2017, plants fertilised with Bolero Mo or
Metalosate potassium or were also less stressed, as were the plants that received an application of
Optysil, Rooter or Bolero Mo in 2018 (Table 12).

Table 12. The influence of the biostimulator and fertilizer treatments on chlorophyll fluorescence
(Fv/Fm).

Experimental Combination
Year of Analysis

2016 2017 2018

Control—no biostimulators or foliar fertilizers applied to the plants 0.743 cd 0.738 c 0.723 c
Tytanit 0.763 a-d 0.763 abc 0.760 abc
Optysil 0.783 abc 0.773 abc 0.813 a

Metalosate potassium 0.718 d 0.795 ab 0.748 bc
Rooter 0.755 bcd 0.740 bc 0.780 ab

Bolero Mo 0.763 a-d 0.805 a 0.798 ab
Adob Zn IDHA 0.808 a 0.750 abc 0.768 abc

Adob B 0.793 ab 0.770 abc 0.760 abc
Adob 2.0 Mo 0.755 bcd 0.745 bc 0.758 abc

Different letters denote significant differences at level α = 0.05.

The LAI value was also significantly modified following the application of the biostimulators
and fertilizers, and also differed between years, with the highest values observed in 2017 (Table 13),
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which was characterized by good water availability throughout the entire growing season. The use
of Optysil and Adob 2.0 Mo in each of the years of the study significantly increased the LAI value
compared to the control. In 2016, the use of all treatments, with the exception of Adob Zn, IDHA and
Adob B, resulted in significantly increased LAI values compared to the control, and the largest increase
in LAI in the study was observed after application of Optysil. In 2017, Adob 2.0 Mo performed even
better than Optysil.

Table 13. The influence of the biostimulator and fertilizer treatments on leaf area index (LAI).

Experimental Combination
Year of Analysis

2016 2017 2018

Control—no biostimulators or foliar fertilizers applied to the plants 1.78 e 3.44 cd 2.61 e
Tytanit 2.40 ab 3.33 d 2.86 cd
Optysil 2.60 a 3.78 b 3.19 b

Metalosate potassium 2.05 cd 3.52 bcd 2.79 cde
Rooter 2.28 bc 3.33 d 2.80 cde

Bolero Mo 2.30 b 3.58 bcd 3.39 a
Adob Zn IDHA 1.88 de 3.39 d 2.63 e

Adob B 1.75 e 3.71 bc 2.73 de
Adob 2.0 Mo 2.28 bc 4.48 a 2.93 c

Different letters denote significant differences at level α = 0.05.

The two-way analysis of variance showed that the application of foliar fertilization/bio-stimulants
had a significant influence on enzymatic activity and on BIF values. Only the term of the study
(development phase, based on BBCH scale) had a highly significant influence on enzymatic activity and
on BIF. Two-way analysis of variance showed that the application of foliar fertilization/bio-stimulants
had a significant influence on nitrogenase activity.

3.2. Biological Nitrogen Fixation

Field analyses of BNF showed that the fertilizer and biostimulant applications significantly
enhanced nitrogenase activity during pea cultivation (Table 14). In all the treatments, nitrogenase
exhibited higher activity than in the control. During the study period, greatest BNF activity was
recorded in 2017, while the greatest nitrogenase activity was noted after the application of Tytanit,
when the activity of the enzyme was five times higher than in 2016 and 2018, and six times higher in
2017 than in the control plot. Apart from the control treatment, the lowest BNF value was noted after
the application of Adob 2.0 Mo.

Table 14. The influence of biostimulator and fertilizer applications on biological nitrogen fixation (BNF;
nMC2H4 plant−1 h−1).

Experimental Combination
Year of Analysis

2016 2017 2018

Control—no biostimulators or foliar fertilizers applied to the plants 46.5 d 62.3 f 34.0 d
Tytanit 244.0 a 351.0 a 169.0 a
Optysil 183.5 b 268.5 c 147.5 b

Metalosate potassium 161.5 b 263.8 c 143.0 b
Rooter 95.8 c 192.3 d 74.5 c

Bolero Mo 168.8 b 328.0 b 136.3 b
Adob Zn IDHA 61.0 cd 86.8 e 51.5 d

Adob B 164.3 b 353.4 a 141.0 b
Adob 2.0 Mo 57.3 cd 82.4 ef 43.9 d

Different letters denote significant differences at level α = 0.05.
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3.3. Soil Enzymatic Activity

Soil enzymatic activity analysis, which was closely related to the plant development phase (BBCH)
significantly influenced the level of dehydrogenase activity in the soil. In all study years, the lowest
value was recorded during the emergence of the plants, while the greatest value was observed at the
beginning of the flowering phase (Table 15).

Table 15. The influence of biostimulator and fertilizer applications on dehydrogenase activity (μmol
triphenyl formazane (TPF) 24 h−1 g−1dm of soil.

Experimental Combination
Term of Analysis/BBCH

I/BBCH 5–10 II/BBCH 35–40 III/BBCH 51–59 IV/After Harvest

2016

1 0.0021 no 0.0046 mn 0.0195 c 0.0071 i–m
2 0.0021 no 0.0073 h–m 0.0195 c 0.0060 j–m
3 0.0018 no 0.0056 lm 0.0153 de 0.0088 h–k
4 0.0020 no 0.0066 i–m 0.0183 cd 0.0059 k–m
5 0.0015 o 0.0089 h–k 0.0200 bc 0.0088 h–k
6 0.0018 no 0.0095 f–i 0.0295 a 0.0091 h–j
7 0.0015 no 0.0091 g–i 0.0189 c 0.0124 ef
8 0.0016 no 0.0078 h–l 0.0267 a 0.0103 f–h
9 0.0018 no 0.0056 lm 0.0230 b 0.0122 fg

2017

1 0.0054 a–c 0.0005 c 0.0068 a–c 0.0022 bc
2 0.0062 a–c 0.0037 a–c 0.0095 a–c 0.0003 c
3 0.0031 a–c 0.0010 c 0.0109 ab 0.0014 bc
4 0.0062 a–c 0.0014 bc 0.0099 a–c 0.0003 c
5 0.0021 bc 0.0018 bc 0.0024 bc 0.0007 c
6 0.0035 a–c 0.0019 bc 0.0111 ab 0.0123 a
7 0.0023 bc 0.0057 a–c 0.0054 a–c 0.0081 a–c
8 0.0017 bc 0.0024 bc 0.0014 bc 0.0054 a–c
9 0.0076 a–c 0.0086 a–c 0.0008 c 0.0080 a–c

2018

1 0.0041 no 0.0090 mn 0.0379 d 0.0141 i–m
2 0.0042 no 0.0144 h–m 0.0381 d 0.0119 j–m
3 0.0036 no 0.0109 lm 0.0288 e 0.0173 h–k
4 0.0039 no 0.0130 i–m 0.0352 d 0.0116 k–m
5 0.0029 o 0.0175 h–k 0.0393 cd 0.0173 h–k
6 0.0034 no 0.0188 f–i 0.0578 a 0.0179 g–j
7 0.0030 no 0.0181 g–i 0.0358 d 0.0247 ef
8 0.0032 no 0.0154 h–l 0.0506 b 0.0204 f–h
9 0.0035 no 0.0109 lm 0.0446 bc 0.0240 e–g

Different letters denote significant differences at level α = 0.05, (1) control—no biostimulators or foliar fertilizers
applied to the plants; (2) Tytanit; (3) Optysil; (4) Metalosate potassium; (5) Rooter; (6) Bolero Mo; (7) Adob Zn IDHA;
(8) Adob B; (9) Adob 2.0 Mo.

In addition, the greatest dehydrogenase activity was observed in all years after Bolero Mo
application (compared to the control). In contrast, the lowest value was noted after the application
of Optysil foliar fertilizer in 2016 and 2018, as well as in 2017 after the application of the Rooter
biostimulator. It was also observed across all study years that, dehydrogenase activity was always
greater after the application of the treatments (compared to the control) in the second term of the
analysis, when the plants were in full vegetation phase. Similar relationships were also observed during
the flowering period for most treatments, however, reduced activity was noted after the application of
Optysil in 2016, Adob B in 2017, and Optysil, Metalosate potassium or Adob Zn IDHA in 2018.
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Analyses of acid phosphatase activity showed that the function of this enzyme was also closely
related to the developmental phase of the plant, and its greatest activity was observed during the third
term of analysis; at the beginning of the flowering phase in 2016 and 2018 (Table 16). At this time,
a greater level of enzyme activity was only observed (compared to the control) after the application of
Adob B foliar fertilizer. In 2017, the greatest values were recorded after the application of Metalosate
potassium during the second term of analyses (the development phase BBCH 35–40). It should be
noted that the lower level of activity of phosphatase (compared to the control) at the beginning of the
flowering phase (i.e., when demand for phosphorus is greatest) was observed after the application of
most of the treatments, Specifically, the lowest activity level was observed after the application of the
Bolero Mo biostimulator in 2016 and 2017, and the foliar fertilizer Adob Zn IDHA in 2018.

Table 16. The influence of biostimulator and fertilizer applications on acid phosphatase activity μmol
(p-nitrophenol) PNP h−1 g−1dm of soil.

Experimental Combination
Term of Analysis/BBCH

I/BBCH 5–10 II/BBCH 35–40 III/BBCH 51–59 IV/After Harvest

2016

1 0.424 k 1.059 g–j 3.476 b 0.954 ij
2 0.353 k 1.198 f–j 2.654 e 0.968 h–j
3 0.384 k 1.049 g–j 3.170 b–d 0.974 h–j
4 0.372 k 1.217 f–j 2.793 de 0.868 j
5 0.355 k 1.398 fg 3.198 bc 1.122 f–j
6 0.476 k 1.340 f–h 2.541 e 1.268 f–l
7 0.379 k 1.463 e 2.901 c–e 1.182 f–j
8 0.329 k 1.233 f–j 3.929 a 1.378 fg
9 0.290 k 0.940 ij 2.850 c–e 1.399 fg

2017

1 0.195 h–k 0.398 ab 0.353 a–d 0.216 g–k
2 0.191 i–k 0.384 a–c 0.283 c–j 0.281 c–j
3 0.151 k 0.310 a–g 0.279 c–j 0.233 e–k
4 0.166 k 0.403 a 0.279 c–j 0.277 d–j
5 0.203 g–k 0.396 ab 0.246 d–k 0.236 e–k
6 0.202 g–k 0.289 b–j 0.234 e–k 0.199 h–k
7 0.166 k 0.333 a–e 0.331 a–f 0.184 jk
8 0.221 f–k 0.303 a–h 0.298 a–i 0.216 g–k
9 0.311 a–g 0.303 a–h 0.338 a–e 0.223 f–k

2018

1 0.181 l 0.904 kl 2.454 b 1.119 i–k
2 0.181 l 1.440 e–k 1.905 b–g 1.407 f–k
3 0.244 l 1.092 jk 2.125 b–f 1.464 e–k
4 0.196 l 1.298 g–k 1.965 b–g 1.132 h–k
5 0.190 l 1.753 b–j 2.233 b–d 1.581 c–k
6 0.197 l 1.882 b–h 2.337 bc 1.892 b–h
7 0.186 l 1.806 b–j 1.877 b–i 1.817 b–j
8 0.230 l 1.537 d–k 3.983 a 2.015 b–g
9 0.224 l 1.087 jk 2.183 b–e 2.236 b–d

Different letters denote significant differences at level α = 0.05, (1) control—no biostimulators or foliar fertilizers
applied to the plants; (2) Tytanit; (3) Optysil; (4) Metalosate potassium; (5) Rooter; (6) Bolero Mo; (7) Adob Zn IDHA;
(8) Adob B; (9) Adob 2.0 Mo.

The greatest alkaline phosphatase activity level was observed in 2016 (Table 17). Similar
relationships were observed as with acid phosphatase. In 2016 and 2018, the greatest activity was
also noted at the beginning of the flowering phase (BBCH 59), while the greatest activity in 2017 was
observed during the BBCH 35–40 phase.
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Table 17. The influence of the biostimulators and fertilizers on alkaline phosphatase activity μmol
(p-nitrophenol) PNP h−1 g−1dm of soil.

Experimental Combination
Term of Analysis

I/BBCH5–10 II/BBCH35–40 III/BBCH51–59 IV/After Harvest

2016

1 0.316 m 0.760 kl 2.711 b 0.834 i–l
2 0.283 m 0.964 g–k 2.302 d 0.786 j–l
3 0.282 m 0.803 i–l 2.352 d 0.925 h–l
4 0.286 m 0.939 g–l 2.311 d 0.729 l
5 0.254 m 1.144 e–g 2.601 bc 1.002 f–j
6 0.326 m 1.145 e–g 2.743 b 1.088 f–h
7 0.267 m 1.189 ef 2.393 cd 1.213 ef
8 0.244 m 1.007 f–i 3.299 a 1.205 ef
9 0.234 m 0.749 kl 2.574 bc 1.308 e

2017

1 0.173 i–k 0.319 b–d 0.250 c–i 0.238 d–i
2 0.169 i–k 0.345 b 0.262 b–h 0.205 f–k
3 0.178 h–k 0.201 g–k 0.234 d–j 0.237 d–i
4 0.222 e–j 0.485 a 0.294 b–g 0.269 b–h
5 0.124 k 0.310 b–e 0.238 d–i 0.174 i–k
6 0.227 d–j 0.343 bc 0.202 g–k 0.210 f–k
7 0.142 jk 0.246 d–i 0.208 f–k 0.274 b–g
8 0.141 jk 0.296 b–f 0.244 d–i 0.276 b–g
9 0.168 i–k 0.297 b–f 0.244 d–i 0.280 b–g

2018

1 0.013 h 0.017 h 0.163 b–d 0.043 f–h
2 0.013 h 0.007 h 0.124 cd 0.023 h
3 0.011 h 0.022 h 0.119 b–e 0.025 h
4 0.016 h 0.017 h 0.151 cd 0.035 gh
5 0.017 h 0.027 h 0.119 b–e 0.048 e–h
6 0.005 h 0.028 gh 0.190 bc 0.099 d–g
7 0.005 h 0.023 h 0.113 d–f 0.109 d–f
8 0.003 h 0.021 h 0.225 ab 0.133 cd
9 0.010 h 0.018 h 0.139 cd 0.270 a

Different letters denote significant differences at level α = 0.05, (1) control—no biostimulators or foliar fertilizers
applied to the plants; (2) Tytanit; (3) Optysil; (4) Metalosate potassium; (5) Rooter; (6) Bolero Mo; (7) Adob Zn IDHA;
(8) Adob B; (9) Adob 2.0 Mo.

The lowest level of activity occurred during the emergence of the plants (BBCH 5–10). In both
2016 and 2018, the highest phosphatase activity level was observed after the application of Adob B
fertilizer; 3.299 and 0.225 μmol PNP h−1 g−1dm of soil, respectively, while in 2017 the greatest value was
observed after the application of Metalosate potassium; 0.485 μmol PNP h−1 g−1dm of soil (Table 17).

The greatest catalase enzyme activity value was also recorded in 2016 and 2018 at the beginning
of flowering phase. In 2017, the highest metabolic activity occurred in the period after plant harvest
(Table 18). The biostimulators and foliar fertilizers used in most of the experimental treatments
stimulated the level of catalase activity in relation to the control treatment. The highest level of catalase
enzyme activity was recorded after the application of the Tytanit biostimulator in 2016, and after the
application of the Adob B foliar fertilizer in 2018. In 2017, the greatest activity was observed after the
applications of Tytanit and Bolero Mo (Table 18).
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Table 18. The influence of the biostimulators and fertilizers on catalase activity (μmol H2O2 min−1 g −1

dm of soil).

Experimental Combination
Term of Analysis/BBCH

I/BBCH5–10 II/BBCH35–40 III/BBCH51–59 IV/After Harvest

2016

1 22.692 gh 28.276 gh 44.846 ef 19.767 gh
2 20.580 gh 42.620 f 72.124 a 20.974 gh
3 25.691 gh 23.572 gh 55.345 c–f 33.000 gh
4 21.507 gh 35.703 gh 72.429 a 23.249 gh
5 27.440 gh 39.026 gh 67.390 a–c 33.525 gh
6 22.283 gh 26.695 gh 57.982 b–d 30.047 gh
7 27.466 gh 34.392 gh 68.860 ab 32.881 gh
8 23.013 gh 34.076 gh 59.076 b–d 41.569 g
9 14.933 h 21.821 gh 54.870 de 25.644 gh

2017

1 22.726 z 21.723 z 25.257 y 33.962 k
2 22.666 z 32.811 l 28.155 p 44.407 a
3 14.366 z 17.502 z 26.240 w 36.803 f
4 26.387 u 16.629 z 29.289 o 38.730 e
5 14.196 z 27.569 r 39.211 c 36.601 h
6 17.732 z 16.554 z 27.184 s 39.308 b
7 10.839 z 9.009 z 39.033 d 36.630 g
8 18.267 z 26.443 t 32.289 m 35.145 i
9 10.784 z 13.189 z 31.404 n 34.014 j

2018

1 13.477 t 21.286 p 31.711 k 10.259 w
2 14.370 t 37.776 hi 38.910 g 19.011 r
3 23.299 o 26.861 m 37.363 i 22.729 o
4 8.146 y 38.546 gh 52.811 d 16.344 s
5 16.411 s 36.202 j 47.716 e 24.500 n
6 14.388 t 40.710 f 61.607 b 27.577 m
7 14.346 t 41.326 f 52.351 d 24.559 n
8 12.352 u 30.921 kl 64.465 a 27.635 m
9 4.7124 z 30.413 l 54.256 c 22.517 o

Different letters denote significant differences at level α = 0.05, (1) control—no biostimulators or foliar fertilizers
applied to the plants; (2) Tytanit; (3) Optysil; (4) Metalosate potassium; (5) Rooter; (6) Bolero Mo; (7) Adob Zn IDHA;
(8) Adob B; (9) Adob 2.0 Mo.

The BIF value was determined based on dehydrogenase and catalase activity. A high value
was observed during the flowering phase of the plants compared to the emergence phase, in all
experimental treatments. However, the highest level was recorded in 2016 and 2017 after the harvest
of the plants; 33.907 and 33.306, respectively (Table 19). In 2018, the highest BIF value was 55.813 and
was observed at the beginning of the flowering phase.

Principal Component Analysis (PCA) in Figure 2a–c shows that the applied
biostimulators/fertilizers differed in their influence on the agronomic and microbiological parameters
in individual years. Figure 2d illustrates the influence of all the factors under analysis (treatment)
on the indicators in a given year. In 2016 all the treatments applied in the experiment had strong
positive influence on the activity of catalase (CAT) and alkaline phosphatase (PAL), as compared with
the other parameters. In 2017 the biostimulants/fertilizers significantly influenced the BNF, H, PDN,
Y and BIF, whereas in 2018 they influenced only the dehydrogenase activity (DHA). PCA explained a
significant part of the variability in each study year, and also over the three-year study period. In 2016,
approximately 60% of the total variability was explained by the first two principal components (Axis 1:
30.4%, Axis 2: 28.5%) (Figure 2a). It was observed that, to a greater or lesser extent, each of the
biostimulators/fertilizer treatments affected the studied parameters (Figure 2a). In addition, there was a
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strong correlation between the basic soil biochemical parameters studied here [dehydrogenase activity
(DHA), alkaline phosphatase activity (PAL), biological index fertilizer BIF, acid phosphatase activity
(PAC) and soil moisture (M), and the strong effect of the applied Adob B (t8) on the parameters
indicated above. In turn, BNF was closely correlated with catalase activity (CAT), LAI and share of
seed in whole plant weight (SSPW). In 2016, the foliar fertilizers Optysil (t3) and Metalosate Potassium
(t4), and the Rooter biostimulator (t5) had the greatest impact on the above-mentioned parameters.

Table 19. The influence of the biostimulators and fertilizers on the biological indicator of fertility (BIF).

Experimental Combination
Term of Analysis

I/BBCH5–10 II/BBCH35–40 III/BBCH51–59 IV/After Harvest

2016

1 2.288 hi 4.080 g–i 14.337 c–e 7.223 f–i
2 1.940 i 4.112 g–i 15.117 cd 8.370 f–i
3 1.343 i 4.810 g–i 17.358 bc 5.401 g–i
4 2.688 hi 4.310 g–i 16.451 cd 2.561 hi
5 3.338 g–i 5.935 f–i 11.409 de 9.616 f–i
6 2.518 i 5.029 g–i 17.223 bc 13.776 c–e
7 1.038 i 5.299 g–i 17.445 bc 14.522 c–e
8 0.758 i 4.982 g–i 28.795 b 18.148 bc
9 1.773 i 5.730 g–i 15.690 cd 33.907 a

2017

1 17.047 z 16.292 z 18.946 y 25.472 k
2 17.002 z 24.610 l 21.121 p 33.306 a
3 10.776 z 13.127 z 19.686 w 27.603 f
4 19.794 u 12.472 z 21.972 o 29.047 e
5 10.648 z 20.678 r 29.409 c 27.451 h
6 13.300 z 12.416 z 20.393 s 29.487 b
7 8.130 z 6.759 z 29.277 d 27.477 g
8 13.701 z 19.833 t 24.217 m 26.361 i
9 8.092 z 9.896 z 23.553 n 25.514 j

2018

1 2.899 h 3.881 h 37.256 bc 9.892 f–h
2 2.877 h 1.609 h 28.433 cd 8.802 gh
3 2.451 h 4.944 h 27.258 d 5.918 h
4 3.708 h 3.903 h 34.924 cd 10.260 e–h
5 3.785 h 6.069 h 27.597 d 11.215 e–h
6 1.223 h 6.479 h 43.747 ab 22.826 d–g
7 1.115 h 5.272 h 26.276 de 24.911 d–f
8 0.799 h 4.694 h 51.813 a 30.487 cd
9 2.290 h 4.205 h 32.277 cd 31.161 cd

Different letters denote significant differences at level α = 0.05, (1) control—no biostimulators or foliar fertilizers
applied to the plants; (2) Tytanit; (3) Optysil; (4) Metalosate potassium; (5) Rooter; (6) Bolero Mo; (7) Adob Zn IDHA;
(8) Adob B; (9) Adob 2.0 Mo.

In 2017, PCA explained approximately 50% of the variation (Axis 1: 25%, Axis 2: 24.4%) (Figure 2b).
A strong relationship between BIF, catalase activity and share of seed in whole plant weight (SSPW) was
noted. The level of activity of these parameters was influenced by the Tytanit and Rooter biostimulators.
In 2017, a strong relationship was also observed between biochemical soil activity parameters and
agronomic parameters, such as plant dry mass (PDM), seed weight per plant (SW), seed moisture (M)
and the physiological parameter Fv/Fm.

In 2018, as in 2016, all tested parameters were more or less affected by the applied foliar fertilizer
and biostimulator treatments. In that year, PCA explained almost 60% of the total variability (Axis 1:
31.4%, Axis 2: 26%) (Figure 2c). The studied biochemical soil parameters (DHA, PAL, PAC, BIF)
were closely correlated with each other. The most important influence on soil metabolism was the
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application of Bolero B (t6), Adob B and Adob 2.0 Mo fertilizers. In turn, Adob Zn IDHA and Adob 2.0
Mo. foliar fertilizers influenced agronomic parameters, such as yield (Y) and seed moisture (M).

Figure 2. Principal components analysis for pea fertilization treatments in: (a) 2016, (b) 2017,
(c) 2018, (d) 2016–2018 years. Abbreviations: Y—Yield, M—Seed moisture %, TSW—1000 seed
weight, SW—Seed weight per plant, SW/P—seed weight in 1 pod PW—Pod weight per plant,
SSPW—Share of seed in whole plant weight, H—plant height, CCI—chlorophyll content index,
Fv/Fm—maximum photosynthetic efficiency of PSII, PDM—plant dry mass, LAI—leaf area index,
BIF—biological index of fertility, BNF—biological nitrogen fixation, DHA—dehydrogenase activity,
CAT-catalase activity, PAL—alkaline phosphatase level, PAC—acid phosphatase level. Treatment:
t1—control—no biostimulators, t2—Tytanit; t3—Optysil; t4—Metalosate potassium; t5—Rooter;
t6—Bolero Mo; t7—Adob Zn IDHA; t8—Adob B; t9—Adob 2.0 Mo; PC1—first principal component;
PC2—second principal component.

PCA for each pea fertilization treatment in all the study years is shown in Figure 2d, and highlights
the differentiated effect of the applied fertilizers/biostimulator treatments on the tested soil biochemical
and agronomic parameters during the study period. In 2018, regardless of the fertilization treatment,
a high level of dehydrogenase activity was observed, while in 2016, a high level of phosphatase and
catalase activity was observed.
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The heat map and dendrogram presented in Figure 3 illustrates the large variation in activity
level of the studied parameters and clearly demonstrates the correlation between the biochemical soil
activity parameters and the examined agronomic parameters. Taking into account all the parameters
tested in the study, the effect of the fertilizers/biostimulators was similar in 2016 and 2018, but differed
in 2017. The research conducted in 2017 indicated that the fertilizer/biostimulator treatments had a
stimulating effect on plant yield at low soil enzymatic activity (catalase, phosphatase, dehydrogenase).
Only BIF, based on the level of metabolic activity of dehydrogenase and catalase, and BNF were highest
in 2017. Different relationships were observed in 2016 and 2018, where a correspondingly higher level
of biochemical activity in the soil was observed, and agronomic parameters exhibited lower values.

Regardless of the study year, the heat map indicates similar relationships between the soil
biochemical activity parameters and the agronomic parameters. Soil fertility index (BIF) was correlated
with pod weight per plant (PW) and LAI, as well as with seed weight in one pod (SW/P). In turn,
yield (Y) was correlated with 1000 seed weight (TSW) and plant height (H), and BNF was correlated
with the share of seed in whole plant weight (SSPW), CCI, and Fv/Fm. Lastly, phosphatase activity was
correlated with catalase, dehydrogenase and acid phosphatase activity.

4. Discussion

4.1. Yield, Biometric and Physiological Traits

In this study, the yields of the ‘Tarchalska’ variety were higher in 2017, and lower in 2016 and
2018 than yields in the official Research Centre for Testing Plant Varieties and Registration (COBORU)
trials [25], which in 2016, 2017 and 2018 amounted to 3.69, 4.93 and 3.00 t ha−1, respectively.

The effectiveness of biostimulators and foliar fertilizers was closely related to weather conditions,
because the different treatments significantly stimulated pea yield each year. Only the Adob Zn IDHA
fertilizer increased pea seed yield in two out of the three study years; by 9.1% in 2016, and by 4.5%
in 2018.

In 2016, the application of chelated zinc in the Adob Zn IDHA fertilizer increased 1000 seed weight
and plant height, and reduced stress in the plants (as expressed by the Fv/Fm parameter). With an
ample water supply in 2017, the effect of its action was to increase plant dry mass, but in the drier
2018 it only affected CCI. Zinc is taken up by a plant in small amounts and according to Stevenson
and Cole [26] there are 27 to 150 mg of Zn kg−1 biomass in healthy plants. It participates in all major
functions in the plant and is the microelement that most limits crop yield [27,28].

Indeed, Niewiadomska et al. [29] noted an increase in white lupin yield by 13.0% after the
application of Adob Zn IDHA. Our results are partly consistent with the findings of Raj and Raj [30]
regarding the beneficial effects of Zn on yield, physiological parameters, plant height in legumes,
and with other research that showed a slight increase in yield after application of this fertilizer [31,32].
In addition, foliar spraying of Zn on Vigna sinensis [33] and Celosia [34] plants was shown to cause a
significant increase in chlorophyll content. Also, El-Sallami and Gad [35] found that foliar spraying
of zinc on plants of the Asteraceae family increased plant height, the number of leaves, and fresh and
dry matter, which was partially confirmed by our own research. Mostafi et al. [36] also reported that
the greatest 1000 seed weight value for soybean seeds was recorded after spraying with a zinc-iron
mixture. Gomaa [37] also observed the stimulating effects of boron or zinc on plant growth.

In our study, pea seed yield in 2016 (a year with average weather conditions for the region)
increased by 11.7%, after using the fertilizer containing boron and molybdenum (Bolero Mo), by 8.8%
after application of Titanit and by 8.5% after application of Adob B (compared to the control). In turn,
the molybdenum contained in Adob Mo stimulated yield in the wetter 2017. In earlier studies on white
lupin, the application of boron with molybdenum (Bolero Mo), and also molybdenum alone (Adob 2.0
Mo) did not affect the seed yield [29], although, as in our study, it clearly stimulated LAI.

In the above-mentioned white lupin studies, the addition of molybdenum alone in a foliar fertilizer
significantly increased the Fv/Fm parameter value, indicating a reduction in plant stress (compared to
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the control), and the CCI index. In our study, the Fv/Fm parameter value was stimulated by boron
and molybdenum fertilization (Bolero Mo) in two out of three years, and the CCI increased in value
each year after using Bolero Mo, and after application of Adob Mo in the drier 2018. Molybdenum
is a cofactor for the nitrate reductase enzyme involved in nitrogen assimilation [38]. In bean plants
living with Rhizobium bacteria, the demand for molybdenum is greater than in other plants, and its
deficiency limits the number and dry mass of root papillae [39]. Our results are contrary to Omer et
al. [40], where the various molybdenum applications did not modify any of the studied characteristics
of lentil (Lens culinaris Medik.) plants, except for the height of the plant.

Fertilization of peas with boron alone (Adob B) gave weaker effects than in combination with
molybdenum (Bolero Mo), both in terms of yield and in influencing physiological parameters, which in
turn stimulated plant height in 2016 and dry plant weight in two of the years. These results are partly
consistent with the work by Madna [41], where boron application increased the height of field bean
plants, the leaf area of a single plant, total dry plant weight, number of pods per plant, number of
seeds in a pod, seed weight of one plant and 1000 seed weight. Also, Mahmoud et al. [42] found that
the application of boron significantly increased field bean plant height, total dry matter, number of
pods per plant, number of seeds in the pod and seed yield.

In a previous study conducted by Sulewska et al. [43], a nitrogen and boron fertilizer (Adob B)
had the strongest stimulatory effect on the growth of pea plants, and also derived the highest CCI
values. Boron application was also shown to lead to an increase in the height of seed pea plants,
flowering and the number of pods [44]. Moghazy et al. [45] demonstrated the stimulating effect of
boron on the vegetative growth of green peas, i.e., plant length, number of leaves, number of stems,
fresh plant mass, as did Niewiadomska et al. [29] for height, CCI and LAI values in white lupin
plants. Fageria et al. [46] showed that boron application can significantly increase common bean yield.
Boron is an essential microelement in the cultivation of bean plants, because it plays an important role
in the development of flowers, reduces the fall of pod buds [47], and also increases the establishment
of nodules [48]. The uptake of boron by crops is small, but its deficiency has been reported in many
soils globally [49,50].

While Titanit was shown to increase seed yield in 2016, it did not change biometric features,
although it increased LAI values in two of the study years, and also increased the CCI values in 2018.
These results are consistent with research by Malinowska and Kalembasa [51], in which titanium was
shown to activate metabolic processes, as well as accelerate the process of photosynthesis and nutrient
uptake. Our results are partly in agreement with Grenda [52], where titanium application led to an
increase in chlorophyll content and photosynthesis efficiency in rape plants, yield and thousand seed
weight in wheat plants, and sugar content in sugar beet roots. The use of titanium (Titanit) with
white lupin [29] produced better results than with peas: increased the height of white lupin plants,
the number of pods with seeds per 1 m2, reduced stress (Fv/Fm), and similarly increased the CCI and
LAI values.

In 2017, when the plants were well supplied with water the best results were obtained with
Optysil, Adob 2.0 Mo and Rooter, and the increase in yield was 15.4%, 11.9% and 7.5% respectively.
Silicon can affect the metabolism and physiological functions of plants, especially under stress [53].
However, the active silicon contained in Optysil strongly stimulated pea yield only in the year (2016)
with the average weather conditions for the region. A similar yield increase (15.1%) was shown in
earlier studies on white lupin [29]. Other authors have also reported the beneficial effect of silicon
on the yield of other plant species: monocotyledons that include rice [53], and sugar beet roots [54].
Silicon can be taken from the soil solution, constituting up to 10% dry matter (DM). However, rejective
uptake of this micronutrient has been found in some species, especially bean species [55]. These plants
are not able to accumulate silicon, and they absorb it more slowly than water, hence they contain
less than when passively taking the element from the soil, and so cannot benefit from its positive
effect. Therefore, it is possible that foliar application of a treatment containing active silicon enabled
the uptake of this microelement by the peas plants in the wet 2017, and by white lupin in previous
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studies [29], which was externalized by a higher seed yield. In our study, the use of Optysil, aside from
crop yield, significantly increased plant height by 16.0% (compared to the control) but did not improve
any of the other assessed traits.

The drought that prevailed during the growing season in 2018 greatly limited the development
and yield of the pea plants. Its influence was so pronounced that it limited the effectiveness of the
biostimulators and fertilizers. The positive effect of the Rooter biostimulator in terms of root growth,
biomass accumulation has been demonstrated by Kowalczyk and Zielony [56] and the product has also
been shown to strongly affect the yield of tomatoes [57] and nappa cabbage [58]. Our research partly
confirms these findings, because Rooter stimulated LAI and CCI values, increased the Fv/Fm parameter
values and seed weight per plant, and also lowered the seed moisture content before harvest, but did
not modify the other parameters tested.

4.2. Biological Nitrogen Fixation

Biostimulators are a source of substances and/or microorganisms that have an impact on the
metabolic processes that occur in the plants [11]. Foliar fertilizers and biostimulators, which contain
micro and macroelements caused an increase in BNF in the pea plants in this study. Various
microelements, including boron, cobalt, molybdenum and iron, influence the level of molecular
nitrogen binding by bacteria entering symbiosis with plants.

Molybdenum and iron are two metalloproteins that form a bacteroid enzyme complex – nitrogenase,
which allows plants to bind molecular nitrogen [59]. During the process of nitrogen binding,
molybdenum has two yield-forming functions: stimulation of (a) the number of root nodules and
(b) the number of flowers/pods on the plant. Molybdenum is most readily available for plants in
alkaline soils, while uptake by plants is prevented by drought and by an excessive concentration of
sulphate anions in the soil [60]. In our study, a significantly increased level of BNF was observed after
application of foliar fertilizers containing molybdenum.

Boron is an important microelement in BNF. In our study, a significantly increased BNF was
observed after application of the foliar fertilizer that contained boron (Adob B), although, it was the
lowest BNF value recorded, in comparison to the other fertilizers/biostimulators used.

The Tytanit biostimulator highly stimulated the BNF process and exhibited the best effect in all
study years. The effect of titanium on plants is to modify the activity of enzymes, such as catalase,
peroxidase, lipoxygenase or nitrate reductase [61]. It increases chlorophyll content in the leaves,
which translates into increased cereal and vegetable crop yields. Kováčik et al. [62] noted that the use
of Mg-Titanite (MgTi) in the form of titanium ascorbate in the growth phases BBCH 29 and BBCH
32 stimulated the formation of terrestrial winter wheat phytomass and increased the content of total
chlorophyll in the leaves. It is known that the process of BNF is closely correlated with photosynthetic
intensity, which in turn is dependent on chlorophyll content. The biological fixation of atmospheric
nitrogen depends on many environmental conditions, such as water content and temperature [63].

4.3. Biochemical Activity

Enzymatic activity is one of the best indicators for assessing biological activity in the soil, and the
following enzymes are widely used: dehydrogenase, phosphatase, urease and protease [64]. In the
literature, numerous authors [65–67] report that dehydrogenases do not accumulate in the soil, but
only in the cytoplasm and characteristic structures formed from the cytoplasmic membranes of living
microorganisms. Being intracellular enzymes, they can be indicative of the presence of physiologically
active soil microorganisms, which provides information on the respiratory activity of the entire soil
microbiota, especially bacteria and Actinomycetes [68]. Numerous studies on dehydrogenases and their
association with soil factors indicate that they are useful and sensitive indicators of soil changes [69–71].

In our study, a significant stimulating effect from the use of biostimulators and foliar fertilizers
on dehydrogenase activity was observed. High dehydrogenase activity was observed during the full
growing season of the pea crop (onset of flowering), and may be associated with increased secretion by
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the root system during this period, which subsequently leads to increased numbers of microorganisms.
Similar results were obtained by Siwik-Ziomek and Szczepanek [72], who analyzed the impact of
inorganic fertilization (NPK and S) and the Kelpak biostimulator on dehydrogenase activity in the soil
during the cultivation of winter rapeseed. In their study, they observed an increase in dehydrogenase
and catalase activity in the period from flowering to ripening. In addition, they showed that the use of
the Kelpak biostimulator and sulphur application resulted in a significant stimulating modification of
catalase and dehydrogenase activity. Moreover, Brzezińska et al. [68] noted that dehydrogenase activity
is associated with the activity of other soil enzymes, for example catalase and β-glucosidase, as well as
with the presence of nitrogen. Prashantha [73] indicated that, among other elements, boron increases
the activity of dehydrogenases. In contrast, Niewiadomska et al. [29] reported the positive effect of
molybdenum on the production of these enzymes by white lupin plant root nodules, and discussed
the possibility of a positive correlation between titanium concentration and soil biochemistry.

Phosphatases are also important enzymes for the soil environment. Many authors report that
phosphatases are good indicators of the potential for organic phosphorus mineralization and soil
biological activity [74,75], and these enzymes are characterized by high susceptibility to changing
soil conditions [76]. The main sources of phosphatase in the soil environment are mainly soil
microorganisms, plant roots and soil fauna.

Aon and Colaneri [77] observed correlations between organic matter content and acid/alkaline
phosphatase activity. Margalef et al. [78] noted that phosphatase activity is higher in soils with
a low phosphorus content. A lack of phosphorus in our fertilization treatments increased acid
phosphatase activity. A study conducted by Niewiadomska et al. [79], which assessed the effect of
fertilizer application (PRP SOL) containing phosphorus, potassium, zinc, boron and molybdenum in
the cultivation of yellow lupin, showed that the decrease in acid phosphatase activity was caused by
the activation of compounds inaccessible to the plants. Fukuda et al. [80] reported that plants typically
produce acid phosphatases when the amount of available phosphorus in the soil is low.

In our study, the largest significant decrease in the level of acid phosphatase activity was observed
after application of the Bolero Mo biostimulator in 2016 and 2017, and by the Adob Zn IDHA foliar
fertilizer in 2017. The results observed for most of the other experimental treatments at the beginning
of the flowering phase were also promising in terms of phosphorus availability due to the action of
fertilizers/biostimulators used, as evidenced by the reduced level of the enzyme activity in the soil
compared to the control treatment.

In our study, different levels of alkaline phosphatase activity were observed after the application
of foliar fertilizers and biostimulators. The increase in the activity of this enzyme could have been the
result of the increased activity of soil microorganisms on organic phosphorus compounds (e.g., phytins)
secreted into the soil by the pea plants. Phosphatase activity in the soil depends on available phosphorus
content, which suggests that alkaline and acid phosphatase participate in the regulation of the nutrient
economy [81].

The results observed in this study in regard to catalase activity show the significant stimulating
effect of the treatments. Catalase is a well-documented enzyme in scientific literature and has the
best-known chemical structure. It is an enzyme from the group of oxidoreductases (E.C.1.11.1.6),
found in microorganisms, plants and animals. In the soil environment, it is present in the cells of all
microorganisms that use oxygen for respiratory processes (aerobes, facultative anaerobes). Obligatory
anaerobes show very little or no catalase activity. It is considered one of the main enzymes with
antioxidant activity and works mainly to remove excess hydrogen peroxide (H2O2) by converting water
and oxygen in all aerobic organisms [82]. Brzezińska et al. [72] showed a significant relationship between
catalase activity and the oxygenation of soils. The stimulating effect of biostimulators on the activity of
this enzyme was demonstrated by Niewiadomska et al. [29] in a study conducted during the cultivation
of soybean and white lupin, while Stępniewska et al. [83] showed significant positive correlations
between soil catalase activity and organic matter content, biomass, oxygen absorption, carbon dioxide
secretion, as well as dehydrogenase, glucosidase, amidase, and phosphodiesterase activity.
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As the results of our study on the activity of all enzymes tested in the experiment show, it is
noteworthy that in all years of the experiment the highest dehydrogenase activity was observed
during the flowering period of the plants, regardless of the biostimulators/fertilizers used. There were
similar dependencies observed for the acid and alkaline phosphatases and catalase in 2016 and 2018.
There were no such dependencies in 2017, when the highest phosphatase activity was noted during
the period of full growth of the plants, i.e., at phases BBCH 35–40, whereas the highest catalase activity
was observed after the plants had been harvested.

It is very likely that the significant increase in the activity of the enzymes tested in the experiment
during the flowering of pea plants was caused by secretions of the root system. The substances
contained in root secretions and in the dying cells of root tissues are rich sources of nutrients and energy
for various groups of microorganisms. Hupe et al. [84] proved that the phase of pea development had
significant influence on the dynamics of nutrients in the plant’s root zone, and consequently, on the
soil enzyme activity. The researchers observed strong rhizodeposition of carbon and nitrogen in the
period ranging from the emergence of plants to their flowering. They noted significant inhibition of
nitrogen rhizodeposition after the flowering period and attributed this effect to the displacement of
nitrogen in the plants. The reduced amount of organic nitrogen substances in relation to carbon in
the rhizosphere after the flowering of the plants explains the reduced metabolic level of the enzymes
analyzed in the experiment.

5. Conclusions

The results of the study showed that the effect of biostimulators and foliar fertilizers was closely
related to weather conditions, and so it was not possible to clearly indicate whether there was a positive
effect from the treatments on pea seed yield in each year. Adob Zn IDHA was the only fertilizer that
stimulated yields, especially under average moisture conditions and less so in drought conditions
in two of three years of the study. Among tested biostimulants and fertilizers, a repeatable in years
increase of the yield in both, dry and wet years, was obtained after the application of Adob Zn IDHA
foliar fertilizer. In addition, this fertilizer stimulated vegetative development of the plants, i.e., plant
height in the average year and plant dry mass in the wetter year.

Similarly, in regard to the enzymatic parameters tested, it cannot be clearly determined
which biostimulator treatments was best for pea cultivation and improved soil biochemical activity.
A significant relationship between the effect of applied biostimulators and the development phase
of the plant, as well as the year of the study was indicated. Depending on the year, the positive
effect of Bolero Mo application on dehydrogenase, acid phosphatase and catalase activity, and Adob B
application on alkaline phosphatase activity was noted. The BNF level was best influenced by the
Titanit biostimulator, but it should be noted that all the treatments used in this study were found to
stimulate this parameter.
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68. Brzezińska, M.; Włodarczyk, T.; Stępniewski, W.; Przywara, G. Soil oxygen status and catalase activity.
Acta Agrophys. 2005, 5, 555–565.

69. Bastida, F.; Kandeler, E.; Moreno, J.L.; Ros, M.; García, C.; Hernández, T. Application of Fresh and Composted
Organic Wastes Modifies Structure, Size and Activity of Soil Microbial Community under Semiarid Climate.
Appl. Soil Ecol. 2008, 40, 318–329. [CrossRef]

70. Salazar, S.; Sanchez, L.; Alvarez, J.; Valverde, A.; Galindo, P.; Igual, J.; Peix, A.; Santa-Regina, I. Correlation
Among Soil Enzyme Activities Under Different Forest System Management Practices. Ecol. Eng. 2011, 37,
1123–1131. [CrossRef]
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Abstract: Application of nitrogen (N) in contrastive chemical form changes availability of soil
nutrients, affecting crop response. This hypothesis was evaluated based on field experiments
conducted in 2015/16 and 2016/2017. The experiment consisted of three nitrogen fertilization
systems: mineral-ammonium nitrate (AN) (M-NFS), organic-digestate (O-NFS), 2/3 digestate + 1/3

AN (OM-NFS), and N rates: 0, 80, 120, 160; 240 kg ha−1. The content of nitrogen nitrate (N-NO3)
and available phosphorus (P), potassium (K), magnesium (Mg) and calcium (Ca) were determined at
rosette, onset of flowering, and maturity of winter oilseed rape (WOSR) growth from three soil layers:
0.0–0.3, 0.3–0.6, 0.6–0.9 m. The optimum N rates were: 139, 171 and 210 kg ha−1 for the maximum
yield of 3.616, 3.887, 4.195 t ha−1, for M-NFS, O-NFS, OM-NFS. The N-NO3 content at rosette of
150 kg ha−1 and its decrease to 48 kg ha−1 at the onset of flowering was the prerequisite of high yield.
The key factor limiting yield in the M-NFS was the shortage of Ca, Mg, O-NFS—shortage of N-NO3.
Plants in the OM-NFS were well-balanced due to a positive impact of the subsoil Mg and Ca on the
N-NO3 content and productivity. The rosette stage was revealed as the cardinal for the correction of
WOSR N nutritional status.

Keywords: soil; nitrate nitrogen content; contents of available phosphorus; potassium; magnesium;
calcium; cardinal stages of WOSR growth; PCA

1. Introduction

In current agriculture, the amount of food production depends on the use of N fertilizers,
both mineral and organic [1]. In modern agriculture, which is dominated by varieties of a huge
yield potential, resulting from a high rate of biomass growth, the requirement for N is high [2].
This requirement can be fulfilled by taking into account the required rate of a crop plant growth and
the uptake of the adequate amount of N, and synchronization of its supply with a plant requirement.
N is taken up by plants in two chemical forms, i.e., as nitrogen nitrate (N-NO3, NN), and ammonium
(N-NH4) [3,4]. This N form, as opposed to ammonium, does not undergo fixation by soil colloids
therefore being easily available to a crop plant within a broad range of soil pH [3]. Nitrate N, in spite
of a higher metabolic cost of assimilation, results in the production of carbohydrates, consequently
leading to a higher rate of plant growth with respect to ammonium [5,6]. In the light of present
knowledge, NN, in fact its soil resources, can be considered as the soil nitrogenous growth factor
(NGF). This hypothesis is also supported by thousands of scientific papers in the area of agriculture
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that point to the strong yield increase in grown crops in response to the application of fertilizer N.
The classic example is winter oilseed rape (WOSR) [7–11].

A plant requires about 16 (19) nutrients other than N to cover its life cycle. All these nutrients
are responsible for N efficiency in metabolic and physiological processes in a crop plant, affecting
both the rate of its growth, and final yield [5,12]. The primary source of these nutrients is the soil
solution, being enriched by compounds incorporated into the soil through the application of organic
or mineral fertilizers [13,14]. The rate of uptake of these nutrients by the growing plant, including
ammonium, is significantly distinct from nitrate ions, being as a rule much slower [15]. Most of
this set of nutrients, but especially phosphorus (P), potassium (K), magnesium (Mg), and calcium
(Ca), undergo numerous agrochemical processes, temporally changing their concentration in the soil
solution and consequently reducing/increasing their available pools to crop plants [16,17]. The shortage
of a particular nutrient leads, as a rule, to an inefficient use of N, irrespective of its source (soil, manure,
mineral fertilizers) [8,14,18]. It is well-recognized by farmers that the efficient use of N requires its
balancing through an adequate supply of other nutrients. Therefore, the production potential of a given
soil, including both the current content of available nutrients, and soil pH is, in general, recognized as
soil fertility, and can be defined as the soil fertility factor (FF).

One of the most important characteristics of any crop plant is the concentration and consequently
the amount of any given nutrient accumulated by the crop plant during the growing season, which affects
the rate of biomass growth and expression of yield components [2,19]. The total vegetative season of
a seed crop growth, based on the mode of development of its particular organs, can be divided into
three major periods [20]. The period of crop foundation (PCF), extending from seed emergence to the
onset of stem elongation (BBCH 30, STME, phenological stages of crop plants growth as proposed
by Mayer [21] and Böttcher et al. [22], respectively), covers the WOSR growth stages related to root
system growth and the rosette build-up. The second major period, termed as the period of yield
foundation (PYF), ending at the end of inflorescence emergence (INFE), comprises stages responsible
for the build-up of the primary generative yield components. The third major period, termed as
the period of yield realization (PYR), extends from the onset of flowering (BBCH 60, flowering (FL))
up to physiological crop maturity (BBCH 89, the end of pod development-maturation (PDV-M phase).
The borderline phases define the cardinal stages of WOSR growth. It can therefore be assumed that the
plant nutritional status depends on both the status of the NGF and soil fertility factors (FFs) just at a
borderline between the major phases, which can be named the cardinal stages. Thus, the status of NGF
in a respective cardinal stage should be related to the content of NN, and the FF current availability
status of other nutrients present in the soil occupied by WOSR roots. Accumulation of N by WOSR
yields a high level (3.75 t ha−1) continuous up to BBCH 79, i.e., to the end of pod growth (BBCH 79) [23].
The soil zone occupied by roots for WOSR is usually related to a soil depth down to 0.9 m [24,25].
So far, the analysis of mineral N has been limited to the onset of crop growth in spring [26,27]. For N
budgeting, taking into account NN pressure on environment, its content should be also analyzed
after harvest [28,29]. The content of available nutrients, defining the current status of FFs should also
be measured in the same soil layer as is practiced for mineral N. To date, the in-season status and
variability of both groups of production factors is still a classic black box.

The key sources of N in intensive crop production are mineral N fertilizers (Nf) [1,3]. Consumption
of Nf has progressively increased during the last hundred years, and it is expected to have increased up
to 182 × 106 t by 2050, i.e., 75% more as compared to 2010 [30]. Some of the projected Nf consumption
can be potentially substituted by other N sources, mainly organic by-products (wastes) of human
activity [31,32]. As a fast-developing source of renewable energy, biogas plants seem to be a great
source of N, which could be used in crop production. The by-product of the anaerobic digestion
is digestate, which is rich in mineral and organic N compounds. However, its concentration in
raw biogas slurry is highly variable both in total content (0.1–0.5% fresh weight) and in ammonium
(30 to 70% of total N) [33,34]. Digestate, depending on the substrate, also contains other nutrients
(macro, and micronutrients), as well as enzymes and hormones. All these compounds significantly
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affect the level of soil fertility, including the content of soil available N, and in consequence affect plant
growth and yield [35,36]. However, a key question remains respecting the efficiency of biogas N in crop
production in comparison with the classical N source, i.e., to Nf. The latest study on maize response to
digestate showed its higher efficiency, i.e., a net yield increase as compared to ammonium nitrate [37].

The objective of the study was to discriminate the three nitrogen fertilization systems, resulting from
the application of two distinct nitrogen forms applied as mineral and organic, and their mixture on
WOSR yield, based on the relation between the nitrogenous growth factor (NGF) and soil fertility
factors (FFs) in the cardinal stages of winter oilseed rape growth.

2. Materials and Methods

2.1. Site Description

The primary sources of data are two series of field experiments with winter oilseed rape
(Brassica napus L.), which were carried out during the 2015/2016 and 2016/2017 seasons in Baniewice
(53◦05′ N; 14◦36′ E), Poland. The field experiment was conducted on soil with texture loamy sand
in the top-soil over sandy loam, classified as Albic Luvisol (World Refernce Base -WRB, 2016) [38].
The content of the available nutrients was measured each year just after a fore-crop harvesting from
three soil depths of 0.0–0.3, 0.3–0.6, and 0.3–0.9 m. The content of available nutrients was favorable for
high-yielding WOSR (Table 1).

The local climate, classified as intermediate between atlantic and continental, is seasonally variable
(Table 2). Precipitation during the period extending from January to July amounted to 332 mm in 2016
and to 622 mm in 2017 (237 in July). In June, a critical month with respect to pods and seed growth [39],
the amount of rainfall was extremely low. Air temperatures were in both years higher in comparison
to the long-term average.

Table 1. Soil characteristics of the experimental plots in the consecutive growing seasons 1, mg kg−1 soil.

Year/Soil
Layer

cm
P K Ca Mg P K Ca Mg

2015/2016 2016/2017

0–30 80 ± 29 2

H 3
155 ± 38

H 3
390 ± 61

L4
62 ± 6

H3
88 ± 72

H
105 ± 37

M
430 ± 156

VL
72 ± 12

M

30–60 30 ± 12
VL

96 ± 27
M

275 ± 100
VL

59 ± 11
H

53 ± 44
L

80 ± 22
M

369 ± 86
VL

65 ± 16
M

60–90 17 ± 6
VL

71 ± 16
M

309 ± 299
VL

73 ± 20
H

53 ± 34
L

70 ± 23
L

298 ± 44
VL

62 ± 12
H

1 Mehlich 3 extraction solution [40]; 2 average ± standard deviation; 3 fertility class: VL—very low; L—low;
M—medium; H—high; VH—very high [41].

2.2. Experimental Design

The field experiment was arranged as a two-factorial design. The first factor was the nitrogen
fertilization system (NFS), related to the type of N fertilizer applied: (i) ammonium nitrate, 34-0-0,
(acronym M-NFS), (ii) organic N: digestate (O-NFS), (iii) mixed: 2/3 of digestate + 1/3 of ammonium
nitrate (AN) (OM-NFS). The rate of applied N was: 0 (N control), 60, 120, 180, and 240 kg ha−1.
Each year, digestate was applied at the end of November, and AN on the 1st of March of the following
year. The applied digestate on average contained: DM: 72, N-NH4: 7.2, P2O5: 5.45, K2O: 2.85, MgO:
1.88, S: 1.99 kg m−3. Winter barley was a fore-crop for WOSR. A hybrid WOSR variety Impression Cl,

characterized by a high yielding potential for medium fertile soils, was used as a test crop. It was sown
at the rate of 3.0 kg ha−1 at the end of August and harvested at the end of July from an area of 12 m2.
The seeds were harvested at maturity when the moisture content was 8% dry weight.

61



Agronomy 2020, 10, 1701

Table 2. Main characteristics of meteorological conditions during the winter oilseed rape (WOSR)
growing season on the background of the long-term averages 1.

Growing
Season

Consecutive Months during the WOSR Growing Season
VIII IX X XI XII I II III IV V VI VII Average

Temperature, ◦C

2015/2016 21.1 14.1 8.5 7.1 6.7 −0.9 3.7 4.3 8.8 15.7 18.5 19 10.6

2016/2017 17.8 16.8 8.6 9.3 3 −0.7 1.6 6.7 7.4 14 17.2 17.7 10.0

1981–2010 23.0 13.9 9.4 4.4 1.1 0.2 0.9 4.0 8.6 13.6 16.2 18.6 9.5

Precipitation, mm

2015/2016 26.5 40.9 61.0 57.4 45.7 38.6 56.6 33.3 33.5 17.4 73.9 78.5 563.3

2016/2017 69.0 0.0 54.0 49.0 57.8 66.7 58.0 51.2 47.0 56.7 106.0 236.6 852

1981–2010 80.6 62.0 52.2 53.0 50.1 57.5 30.2 35.6 36.9 65.6 57.9 93.8 675.3
1 meteorological station at Szczecin.

2.3. Chemical Analysis and Indices

Soil samples were collected from each field three times a year, i.e., (i) at the onset of the stem
elongation phase of WOSR growth (BBCH 30, STME), (ii) at the onset of flowering (BBCH 60, FL),
and (iii) at the crop physiological maturity (BBCH 89). Soil samples at each stage of WOSR growth
were taken from three soil depths as follows: 0–0.3, 0.3–0.6, and 0.6–0.9 m.

The soil content of NH4-N and NO3-N was determined in field-fresh (not air dried) soil samples
within 24 h after sampling. Twenty-gram soil samples were shaken for 1 h with 100 mL of 0.01 M calcium
chloride (CaCl2) solution (soil/solution ratio 1:5; m/v). Concentrations of NO3-N were determined by
the colorimetric method using flow injection analyses (FIAstar5000, FOSS). The method of NO3-N
concentration analysis consists of two basic steps: reduction from nitrate to nitrite by using a cadmium
column, followed by colorimetric determination of nitrite based on the Griess–Ilosvay reaction with
N-(1-Naphtyl) ethylene-diamine dichloride as a diazotizing agent. The measurement was performed at
a wavelength of 540 nm. The total content of nitrate nitrogen (NN) was expressed in kg ha−1. The Nmin

content for a given soil layer was calculated using indices, which were constructed based on a soil
textural class and soil bulk density [42].

Soil pH was measured in a 1 M potassium chloride (KCl) solution (soil/solution ratio 1:2.5; m/v).
The content of plant available nutrients, including P and K, Mg, and Ca, was determined by the
Mehlich 3 method [39]. The P concentration in the extract was determined by the colorimetric method,
using the molybdenum blue method. Concentration of K in the collected extracts was determined by
flame photometry. Concentration of Mg and Ca were determined by atomic absorption spectrometry
(AAS)-flame type.

The partial productivity of NN was calculated based on yield (Y, kg ha−1) and the amount of NN
present in a soil layer of 0.0–0.9 m at BBCH 30 (kg ha−1):

PFPN30 = Y/N30, kg seeds kg−1 of N (1)

2.4. Statistical Analyses

The effect of individual research factors (year, N fertilization system, and N rate) for each soil
layer and the interaction between them was assessed by two-way ANOVA. Differences between the
mean values were compared using the HSD – honestly significant difference test, according to the
Tukey method, where the significance level was assessed at 0.05. STATISTICA 13® software was used
to conduct all statistical analyses. In the second step of the diagnostic procedure, the relationships
between variables representing soil properties were analyzed by principal component analysis (PCA)
(StatSoft, Inc., Krakow, Poland 2013). In the third step of the diagnostic procedure, stepwise regression

62



Agronomy 2020, 10, 1701

was applied to define an optimal set of variables for a given N characteristic. In the computational
procedure, a consecutive variable was removed from the multiple linear regressions in a step-by-step
manner. The best regression model was chosen based on the highest F-value for the model and the
significance of all independent variables.

3. Results

3.1. In-Season Variability in the Nitrate Nitrogen (N-NO3, NN) Content

A significant impact of the nitrogen fertilization system (NFS) was recorded in 2017 (Table 3).
In this particular year, a significantly higher seed yield was recorded in the organic-mineral (OM-NFS)
treatment, in which 2/3 of the total N rate were applied in the form of digestate and the remaining
one (1/3) as ammonium nitrate. In 2016, a year with a water shortage during WOSR flowering,
no significant difference between NFSs was observed, but a higher yield was harvested from the
OM-NFS (Tables 2 and 3). The effect of the progressively increased N rates was revealed each year.
In both years, the effect of the applied N was only significant with respect to the absolute control
(AC). In 2016, the relative yield increase on the plot fertilized with N applied at a rate of 60 kg ha−1,
compared to AC, was 63%, whereas in 2015 it doubled, reaching 115%.

Table 3. In-season variability of the nitrate nitrogen content variability.

Year Factor Level of Yield N30 N60 N89 N60-30 PFPN30

(Y) Factor t ha−1 kg ha−1 kg Seeds kg−1 N

2015/2016 Fertilization M 3.072 107.8 a 45.2 a,b 39.4 a
−62.6 b 38.4

system O 3.068 77.3 c 40.6 b 29.8 c −36.8 a 42.0

(FS) OM 3.363 88.7 b 49.0 a 34.6 b −39.7 a 45.0

F-value 0.11 28.4 *** 9.45 *** 13.0 *** 17.1 *** 2.32

Nitrogen 0 1.937 b 39.4 c 33.6 c 18.5 c −5.7 a 51.2 a

rate 60 3.161 54.0 c 42.3 b 25.4 c −11.7 a 59.7 a

(N) 120 3.438 a 97.8 b 53.3 a 36.8 b −44.5 b 36.6 b

kg ha−1 180 3.643 a 104.2 b 43.3 b 38.1 b −60.9 b 35.3 b

240 3.660 a 161.0 a 52.1 a 54.1 a −108.9 c 26.3 a

F-value 24.0 *** 164 *** 20.8 *** 61.5 *** 89.6 *** 23.1 ***

2016/2017 Fertilization M 3.062 b 112.4 35.1 b 41.8 b −77.3 34.3 b

system O 3.332 a,b 105.0 28.1 a 35.1 a −76.8 37.0 b

(FS) OM 3.357 a 113.6 30.4 a 31.2 a −83.2 42.8 a

F-value 3.91 * 1.12 10.4 *** 19.9 *** 0.58 8.56 ***

Nitrogen 0 1.634 b 40.6 d 13.4 c 24.9 a −27.2 a 41.4 b

rate 60 3.517 a 63.6 c 18.3 c 29.9 a,b −45.3 a 63.0 a

(N) 120 3.675 a 108.1 b 36.5 b 41.9 c,d −71.6 b 34.8 b,c

kg ha−1 180 3.908 a 128.1 b 37.2 c 35.7 b,c −90.9 b 32.8 c

240 3.517 a 211.3 a 50.8 a 47.8 d −160.5 c 18.1 d

F-value 73.7 *** 134 *** 115 *** 34.3 *** 73.2 *** 71.7 ***

Y × FS 1.26 5.63 ** 6.20 ** 6.20 ** 7.34 ** 0.31

Y × N 2.53 * 7.97 *** 18.0 *** 5.62 *** 2.34 2.14

FS × N 2.09 * 29.3 *** 5.37 *** 18.6 *** 27.8 *** 9.73 ***

Y × FS × N 0.32 5.56 *** 3.15 ** 5.13 *** 6.04 *** 5.87 ***

***, **, * significant at p < 0.001; < 0.01; < 0.05, respectively; n.s.—non significant; a, b, c, d significance letters,
a—the highest, d—the lowest; a means within a column followed by the same letter indicate a lack of significant
difference between the treatments. N30, N60, N89—nitrate N content at BBCH 30, 60, and 89, kg ha−1 respectively;
N30–N60—nitrate N balance at BBCH 60 vs. BBCH 30; PFPN30–partial factor productivity of nitrogen nitrate
(N-NO3) at WOSR stage of BBCH 30 (rosette).
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Yield, taking into account both experimental factors and year, significantly depended on the
interaction of N rates (N) and year (Y ×N) and on NFS and N rates (NFS ×N). Due to its significance for
all the other studied N characteristics, the second interaction was considered as the most representative
for this study (Table 3). As shown in Figure 1, an N rate of 60 kg ha−1, irrespective of the NFS, resulted
in a significant yield increase. The further yield response to increasing N rates was NFS specific. For the
M-NFS, an N rate of 120 and 180 kg ha−1 did not result in any yield increase. An N rate of 240 kg
ha−1 resulted in a yield drop as compared to the N rate of 60 kg ha−1. A similar trend was observed
for the O-NFS, but without any drop with respect to the treatment with the N rate of 60 kg ha−1.
A significantly different trend was observed for the OM-NFS, in which yield increased significantly in
accordance with the progressively applied N rate. The regression models of WOSR yield response to
the Nf rate are as follows:

Y-M-NFS = −0.00009N2 + 0.025N + 1.88 for n = 5, R2 = 0.93, P ≤ 0.05 (2)

Y-O-NFS = −0.00007N2 + 0.024N + 1.83 for n = 5, R2 = 0.94, P ≤ 0.05 (3)

Y-OM-NFS = −0.00005N2 + 0.021N + 1.99 for n = 5, R2 = 0.97, P ≤ 0.05 (4)

Figure 1. Yield of winter oilseed rape as affected by N rates on the background of nitrogen
fertilization systems (NFSs). M-NFS, O-NFS, OM-NFS—mineral, organic, organic-mineral, respectively.
a, b, c, d significance letters, a—the highest, d—the lowest; a means within a column followed by the
same letter indicate a lack of significant difference between the treatments.

The key attributes of quadratic models, such as the optimum N rate (Nop) and the respective
maximum yield (Ymax), were used to distinguish the tested NFSs. The lowest Nop of 138.9 kg ha−1 was
the attribute of the M-NFS. The respective Ymax amounted to 3.616 t ha−1. The parameters of the O-NFS
were 171.4 kg ha−1 of applied N, and the Ymax of 3.887 t ha−1. The highest values of both parameters
were found for the OM-NFS. A Nop of 210 kg ha−1 resulted in a theoretical Ymax of 4.195 t ha−1.

The NN content at the rosette stage of WOSR growth significantly responded to NFSs in 2016
(Table 3). In this particular year, the highest NN content was recorded in the M-NFS, followed by
OM-NFS, and O-NFS. In 2017, the NN content in the M-NFS was almost at the same level as in 2016,
but no significant differences between NFS treatments were recorded. As shown in Figure 2, the NN
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content followed different regression models in response to increasing N rates. The cubic regression
model fitted the M-NFS and O-NFS data the best. The course of the model for the M-NFS showed
a significant response to the N rate of 60 kg ha−1, next stabilizing up to the N rate of 180 kg ha−1.
A sudden increase in the NN content was recorded following the N rate of 180 kg ha−1. The course
of this model suggests huge NN resources during STME in the plot fertilized with 240 kg ha−1 of N.
The course of NN on the O-NFS was completely different. Its content increased exponentially up to an
N rate of 145.7 kg ha−1, then significantly decreased. This course, in contrast to the M-NFS, indicates a
full exploitation of NN resources in the plot fertilized with 240 kg ha−1 of N. The NN course for the
OM-NFS fitted the quadratic function the best, and was characterized by an exponential increase in the
content of NN from the N rate of 6.9 kg ha−1, thus indicating huge NN resources during the STME in
plots fertilized with the highest N rates.

Figure 2. Trends in the nitrate N content at the onset of WOSR stem elongation stage of
growth for three nitrogen fertilization systems (NFSs). M-NFS, O-NFS, OM-NFS—mineral, organic,
organic-mineral, respectively.

The NN content at BBCH 60, i.e., at the onset of WOSR flowering (FL), was significantly driven
by both experimental factors and the interaction between them. It is necessary to stress that the NN
content at end of the STME was significantly correlated with its status at the beginning of this phase,
i.e., BBCH 30 (Table A1). In 2016, the impact of NFS on the NN content, evaluated independently of
N rates, was the same as at BBCH 30. In 2017, a significantly higher amount of NN was recorded in
the M-NFS. The effect of the progressively increased N rates was significantly different in both years.
In 2016, the NN content increased up to the N rate of 120 kg ha−1 and then fell significantly, whereas in
2017 it increased in accordance with the increased N rates. As shown in Figure 3, the course of the
NN content was significantly affected by the interaction of NFS and N rates. For the M-NFS, the data
obtained fitted the quadratic regression model the best, characterized by an N optimum of 176 kg
ha−1 and the respective maximum N nitrate content at BBCH 30 (N30max) of 46.7 kg ha−1. This model
clearly demonstrates that at the onset of FL, resources of NN were exploited more strongly, exceeding
the N rate of 176 kg ha−1. A quite different course of NN was observed for the O-NFS and OM-NFS
treatments. The NN content increased progressively with the increased N rate. As compared to the
quadratic model, characterizing the M-NFS, the linear model as obtained for the O-NFS shows nitrate
N resources to be still present in the soil at the onset of FL in plots fertilized with highest N rates.
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Figure 3. Trends in the N nitrate content at the onset of WOSR flowering for three nitrogen fertilization
systems (NFSs). M-NFS, O-NFS, OM-NFS—mineral, organic, organic-mineral NFS, respectively.

The difference in the course of the NN content during STME is best described by its quantitative
change. As a rule, in both years, the NN content during this period significantly decreased. The effect of
N rates was significant in both years, and the NN content decreased progressively with the increasing
N rates.

The dominant trends were evaluated for the NFS x N interaction (Figure 4). For the M-NFS, the
cubic regression model fitted the obtained data the best. An initial drop in the NN content of 55 kg
ha−1 on the AC plot underwent stabilization at this level on plots fertilized with an N rate extending
from 60 to 180 kg ha−1. A marked decrease in the NN content was only recorded on the plot with
240 kg ha−1 of applied N. The course of the cubic model obtained for the O-NFS was completely
different and can be divided into three stages. The first phase covers the stabilized range of the NN
content. It amounted to −20 kg ha−1 of NN. In the next phase, NN content showed a progressive
drop, which lasted up to the N rate of 175 kg ha−1, reaching the lowest value of −106 kg ha−1. In the
third stage, resulting from the application of an N rate of 240 kg ha−1, the NN content increased
again, and the final decrease in its content with respect to onset of the STME was only −65 kg ha−1.
The trend obtained fully explains the progressive response of the NN content at the onset of FL to the
progressively increased N fertilizer rates. The trend in the NN content for the OM-FS followed the
quadratic regression model. The stability phase at the level of 16 kg ha−1 lasted only to the theoretical
N rate of 29.3 kg ha−1. Following this N value, an exponential decrease in the NN content along with
increasing N rates was recorded.

The third studied cardinal phase of WOSR growth with respect to the NN content was ripening
(RE). The NN status at the RE phase was significantly correlated with its status at both the rosette and
the onset of flowering stages, respectively (Table A1). It can be therefore concluded that the general
pattern of NN management by WOSR did not change significantly from the onset of the STME phase.
The course of NN content with respect to the increasing N rates was described by different regression
models (Figure 5). For the M-NFS, the linear regression model showing a progressive increase in the
NN content fitted the data obtained the best. The cubic regression model best described treatments
fertilized with organic N, but its course was treatment specific. For the O-NFS, three distinct phases of
NN content were distinguished. The first phase, stabilized at the level of 16 kg ha−1 of NN, was related
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to an N rate of 15 kg ha−1. The second phase, with a progressive increase in NN content, extended up
to an N rate of 190 kg ha−1. The third phase, characterized by an NN content decrease, covered the part
of the curve with the highest N fertilizer rates. An opposite trend was found for the OM-NFS. The NN
content, in spite of a slight variability, showed up to the N rate of 150 kg ha−1 a stabilization at the
level of 30 kg ha−1. A sudden increase in NN content was observed on the plot with the highest N rate.

Figure 4. Trends in the N nitrate content change during the stem elongation phase of WOSR
growth for three nitrogen fertilization systems (NFSs). M-NFS, O-NFS, OM-NFS—mineral, organic,
organic-mineral, respectively.

Figure 5. Trends in the N nitrate content at WOSR ripening for three nitrogen fertilization systems
(NFSs). M-NFS, O-NFS, OM-NFS—mineral, organic, organic-mineral NFS, respectively.
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The observed differences, both in seed yield and NN content at BBCH 30 and during the STME
in response to the tested treatments, can be explained by analysis of the partial factor productivity
of N. In this study, it was developed based on the amount of NN in a soil layer of 0.9 m at the onset
of STME. In both years, the index values averaged over N rates were slightly higher for O-NFS and
OM-NFS treatments. This dependence was significant for the OM-NFS treatment in 2017. The impact
of N rates, averaged over NFSs, was significant for both years. The impact of NFS on the partial factor
productivity of N-NO3 (PFPN30) indices is shown in Figure 6. The key differences between NFSs result
from the index value on the plot fertilized with an N rate of 60 kg ha−1. In the M-NFS, the index was
stable on this plot with respect to the N control. On treatments fertilized with organic N, the index
increased by 31% for the O-NFS, and by 71% for the OM-FS. Following an N rate of 60 kg ha−1, PFPN30

indices fell in response to increasing N rates, showing strong differences between NFSs, as proved by
the regression models developed:

M-NFS PFPN30 = −0.16N + 57.7 for n = 4, R2 = 0.73, P ≤ 0.05 (5)

O-NFS: PFPN30 = 0.0017N2
− 0.63N + 89 for n = 4, R2 = 0.99, P ≤ 0.01 (6)

OM-NFS: PFPN30 = 0.0019N2
− 0.85N + 120.7 for n = 4, R2 = 0.92, P ≤ 0.01 (7)

Figure 6. Partial factor productivity of nitrate N at BBCH 30 on the background of nitrogen fertilization
systems (NFSs). M-NFS, O-NFS, OM-NFS—mineral, organic, organic-mineral, respectively. a, b, c, d, e, f, g

significance letters, a—the highest, g—the lowest; a means within a column followed by the same letter
indicate a lack of significant difference between the treatments.

The PFPN30 models for treatments fertilized with organic N, in contrast to M-NFS, showed a
stabilization phase, as indicated by the fixed PFPN30 minimum. For the O-NFS, its lowest value of
30.6 kg seeds kg−1 N was achieved for an N rate of 185.3 kg ha−1. For the OM-NFS, these characteristics
were 25.6 kg seeds per kg−1 N and 223.7 kg ha−1, respectively. The PFPN30 index was, as a rule,
negatively correlated with the NN content in all stages of WOSR growth (Table A1).
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3.2. In-Season Variability in Contents of Available Nutrients

3.2.1. The Onset of Stem Elongation (STME)

The general rule governing the content of available P and K was its decline with soil depth.
The content of available P in the topsoil at the onset of STME was, in general, in the suitable class
(Table 4, [41]). In both years, a significant impact of NFSs on the P content was recorded in the first
subsoil layer (0.3–0.6 m). Significantly lower values were recorded in treatments fertilized with organic
N (O-NFS, OM-NFS). The effect of N rates was significant for the third soil layer in 2016, and for both
subsoil layers in 2017. The lowest content of P was, as a rule, recorded in treatments fertilized with
moderate N rates (120 and 180 kg N ha−1 in 2017 and 120 kg N ha−1 in 2017), and the highest in the
N control plot. The content of available K in the topsoil was in the suitable class in 2016 and in the
low in 2017. In the first year of the study, a significant impact of NFSs was observed for the third
soil layer, and in the second in the whole subsoil. The general rule was the same as that observed
for P, i.e., a significantly higher content of K was recorded in the M-NFS, and the effect of N rates
was insignificant.

The content of available Mg in the topsoil was in the low class in 2016 and did not show any
response to the experimental treatments. It is necessary to stress that its content, in contrast to P,
increased with soil depth. In 2017, a significant impact of NFSs was recorded, but only for the third
soil layer. A significantly higher Mg content was recorded in treatments fertilized with organic
N, moving these two treatments to the suitable class of Mg availability. The effect of N rates was
insignificant. The content of available calcium (Ca) was, in general, low (extremely low) and responded
to applied treatments, but only in the wet 2017. The highest impact of NFSs was recorded in the
topsoil. A significant increase with respect to the M-NFS was recorded on plots fertilized with organic
N. The effect of N rates was observed in each soil layer. As a rule, the highest Ca content was recorded
in soil fertilized with an N rate of 120 and 180 kg ha−1.

For the whole N fertilization system, analyzed irrespectively of the N source, the first three
Principal Components (PCs) explained 68.6% of the total variance. PC1 was significantly associated
with four of fifteen variables. The highest positive loadings were recorded for Ca and Mg in the subsoil
(Cab, Cac, Mgb). A significant but negative loading was found for the K content in the second subsoil
layer (Kc) (Table A2). PC2 had high, but negative loadings with P and Mg contents in the topsoil
(Pa, Mga) and with P in the first subsoil layer (Pb). PC3 was significantly but negatively associated
with the nitrate N content at BBCH 30 N30 and yield (Y). A significant impact on yield was exerted
by Kc and N30 (Table S1a; Figure S1a). The applied stepwise analysis showed however a significant
dependence of Y on Mgc, and N30:

Y = 1.852 − 0.025 Mgc
* + 0.012N30

** for n = 30, R2 = 86 (8)

The four PCs explained 90.6% of the total variance in the M-NFS. PC1 was significantly correlated
with six of fifteen analyzed variables (Table A2). Positive coefficients of correlation (for coefficient of
determination - R2 > 0.50) were recorded for Caa,b,c, yield, and negative for Pc, Kc. PC2 was significantly
but negatively correlated with Pa, Pb, Mga. PC3 was significantly and positively associated with N30,
and PC4 with Mgc. The strongest negative correlation with PC1 and Y was exerted by K in the third
soil layer (Kc). The third group of variables associated with PC2 were contents of available P, Mga,
and N30. The fourth group of variables was represented by Mgc and PFPN30 showed another direction
with respect to the previous group (Table S1b; Figure S1b).

The three PCs accounted for 82.2% of the total variance for the O-NFS. PC1 had significant
loadings with six of fifteen variables. The contents of Cab and Mg (Mga, Mgb) followed the same
direction. PC2 had positive loadings with Mgc and PFPN30, and negative with N30. PC3 was associated
with Y, showing a significant relationship with N30, but at the same time negative with Pc (Table S1c;
Figure S1c).
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The three PCs explained 85.9% of the OM-NFS total variance. PC1 was significantly and positively
associated with Mgb, Mgc, and Ca for all soil layers (Table S1d; Figure S1d). Negative loadings were
exerted by Kb, Kc. PC2 had high loadings with Pa, Pb and Mga. PC3 was associated with N30 and Y,
but they had negative loadings. The highest positive impact on Y was exerted by N30.

3.2.2. The Onset of Flowering—Change in Nutrient Availability during STME

The analysis of soil fertility at the onset of FL comprises two components: (i) current status
of the content of available nutrient, (ii) the net content of available nutrient change during STME
(Tables 4 and 5). In both years, the content of available P in the topsoil was not affected by the studied
NFSs. As compared to the onset of STME, the P content increased. The effect of NFSs was observed in
both years, and a significant increase due to application of organic N was recorded in 2017. The effect
of N rates was significant in 2017. The P content in the subsoil underwent a great change during STME.
In 2016, it was depleted, being the strongest in the M-NFS. In 2017, an opposite trend was recorded.
As a result, in 2016, a significantly higher P content at the onset of FL was recorded in treatments with
organic N, whereas in 2017, with mineral N. In 2016, the lowest P depletion with respect to the N
rates was recorded on the plot fertilized with 120 kg ha−1 of N. In 2017, the net P content increase was
variable, but the highest was recorded in the plot with 240 kg ha−1 of N, leading to its highest content
at the onset of FL.

The content of available K showed a much lower variability during STME as compared to P.
In both years, its highest content was recorded in the M-NFS. The significant differences between NFSs
as observed in 2016 were due to an extremely high increase in the K content in soil fertilized with
mineral N. In 2017, a net K content increase with soil depth was recorded only in the O-NFS treatment.
The application of mineral N resulted in K depletion in the topsoil, which was compensated by its
increase in the subsoil, especially in the OM-NFS. The effect of N rates on both the K content and its
change during STME was not significant. However, in 2017, a year with a significantly lower initial
K content, a decreasing trend in accordance with the increasing N rates was observed in the topsoil.
The K status at the onset of FL was a result of the decreasing trend in the net K content increase during
STME, which underwent depletion in plots fertilized with the highest N rate.

At the onset of FL, the content of available Mg showed a great change with respect to the onset of
STME and responded significantly to NFSs in the subsoil. In 2016, as in the case of K, a significantly
higher Mg content was recorded in the M-NFS. The key reason for the observed Mg status was a net
increase in its content, especially in the deepest soil layer. In 2017, an opposite trend was observed,
i.e., the content of available Mg was depleted, being the strongest in the M-NFS. The increasing N rates
significantly affected the content of available Mg in the third soil layer in 2016, and in both subsoil
layers in 2017. In both years, the content of available Ca showed an extremely high variability in
response to the experimental factors. In 2016, in the topsoil and in the first subsoil layer, a significantly
higher content of Ca was recorded in the M-NFS, whereas in 2017, in the OM-NFS. The effect of N
rates on the content of Ca in both years was recorded for the topsoil. In 2016, the observed difference
between N plots was due to significant differences in the net Ca content increase, as occurred in plots
fertilized with 60, 120, and especially with 240 kg ha−1 of N. In 2017, the Ca content at the onset of FL
resulted from a great variability in its content change during STME. A net increase was the attribute of
plots fertilized with an N rate of 60 and 240 kg ha−1. In the other plots, the Ca content underwent
depletion. In both years, these trends were also observed in the deeper soil layers.

The pooled analysis of NFSs show that three PCs accounted for 58.64% of the total variance
(Table A3). PC1 was associated with five of fifteen variables, of which Mg had positive loadings,
irrespective of soil layer. P showed the opposite direction on the PC1 axis in the subsoil. PC2 was
significantly associated with Cac, and PC3 with Y. The impact of soil variables on Y was insignificant,
and the highest positive was exerted only by the nitrate N content at BBCH 60 (N60), which in turn
was positively affected by Mg (Table S2a; Figure S2a).
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For the M-NFS, two PCs were extracted that cumulatively explained 59.35% of the total variance.
PC1 accounted for 45.2% of the total variance and had high positive loadings for Mg, including all soil
layers, and for K, but only for the topsoil (Ka). Negative loadings were recorded for P, also including
all soil layers. PC2 was not associated with any variable with high loading (R2 > 0.50). Yield was
weakly related to the soil variables but N60 showed a significant and positive response to Mg in the
subsoil and Ca in the second subsoil layer (Table S2b; Figure S2b).

Three PCs explained 73.24% of the total variance for the O-NFS (Table A3). PC1 was dominated by
six of fifteen variables that had high loadings. A positive impact on PC1 was exerted only by Y, and a
negative one by PFPN30, and also by Mg and Ca in the subsoil. The second set of variables changed in
the opposite direction to Y. PC2 was associated with P (Pa, Pb) that had high and positive loadings.
PC3 grouped two variables, i.e., Ka with a negative and Caa with a positive loading. The efficiency of
N30 was significantly affected by Ca and Mg contents in the second subsoil layer. Yield was positively,
but not significantly, dependent on N60, but negatively on the contents of Ca and Mg in the first subsoil
layer (Table S2c; Figure S2c).

Four PCs accounted for 85.07% of the total variance for the OM-NFS. PC1 was associated with six
of fifteen variables, such as Ka, Kc, and Mga, which had high and positive loadings. A negative loading
was exerted by Cab. PC2 showed high and positive loadings with Mgb and Pb. PC3 had negative
loadings with Caa and Y. PC4 was significantly, but negatively, associated with Pa. The NN content at
the onset of FL was significantly correlated with Mga, and negatively with Pb. The content of Ca in the
topsoil and N60 showed the highest and at the same time positive relationships with yield (Table S2d;
Figure S2d).

3.2.3. Physiological Maturity

The content of available P at the physiological maturity of WOSR as compared to the onset of FL,
as a rule, was slightly higher in 2016, and considerably lower in 2017. A significant effect of NFSs was
observed only in 2016 (Table 6). A higher P content was recorded for treatments fertilized with organic
N, being significant in the subsoil. The effect of N rates was non-significant, although a decreasing
trend in accordance with the increasing N rates was observed. The content of available K was only
affected by NFS. In 2016, as compared to FL, much lower K values were recorded in the topsoil, but an
opposite trend was observed in the subsoil. In 2017, an increase in K content was noted for the subsoil.

A depletion of the available Mg content, as compared to FL, was recorded in 2016 for all soil
layers. In 2017, it appeared only in the topsoil. In the subsoil, a net increase in Mg content was
recorded. The impact of NFS was observed only in 2016 for the subsoil, in which a significantly higher
content of Mg was recorded for the M-NFS and O-NFS. The effect of N rates was observed only for the
second subsoil layer in 2016. The content of available Ca showed the highest variability. Ca status was
significantly affected by both experimental factors and their interaction with a particular year. In both
years, the impact of NFS was recorded for all three soil layers. As a rule, the lowest content of available
Ca was found for the OM-NFS. The highest Ca values were the attribute of M-NFS. The effect of the
increasing N rates was highly variable between soil layers. For the topsoil, the lowest content of Ca
was generally recorded for the plot fertilized with 180 kg ha−1 of N. In the subsoil, no consistent rule
governing the content of available Ca was observed.

The four PCs accounted for 69.50% of the total variance in the pooled NFSs (Table A4). PC1 had
the highest and most positive loadings for the Ca content in the subsoil. PC2 was associated with Kc

that exerted a negative effect in its value. PC3 explained 14.16% of the total variance, and no significant
loading was recorded. PC4 was controlled by the nitrate N content at BBCH 89 (N89), having a negative
loading. Yield showed a positive relationship with N89 and Pa, but the latter changed in the opposite
direction to that of N89 (Table S3a; Figure S3a).

73



A
gr

on
om

y
2
0
2
0
,1

0,
17

01

T
a

b
le

6
.

Th
e

co
nt

en
to

fa
va

ila
bl

e
nu

tr
ie

nt
s

al
on

g
th

e
so

il
la

ye
rs

at
W

O
SR

ri
pe

ni
ng

(B
BC

H
89

),
m

g
kg
−

1
so

il.

Y
e

a
r

F
a

ct
o

r
L

e
v

e
l

P
h

o
sp

h
o

ru
s

(P
)

P
o

ta
ss

iu
m

(K
)

M
a

g
n

e
si

u
m

(M
g

)
C

a
lc

iu
m

(C
a

)

(Y
)

o
f

F
a

ct
o

r
a

b
c

a
b

c
a

b
c

a
b

c

20
16

Fe
rt

ili
za

tio
n

M
57

.2
21

.8
b

13
.5

b
12

5.
2

a
82

.3
b

61
.2

67
.3

86
.1

a
11

5.
1

a
33

5.
8

b
34

6.
4

a
42

3.
5

a

sy
st

em
O

62
.6

25
.6

a,
b

17
.5

a
11

5.
9

a,
b

78
.8

a,
b

54
.7

72
.1

75
.9

a
10

0.
3

a
58

1.
1

a
31

4.
8

a
36

8.
7

a

(F
S)

O
M

60
.8

27
.9

a
16

.8
a

99
.2

b
65

.9
b

58
.4

59
.6

53
.9

b
71

.4
b

33
2.

2
b

17
6.

4
b

22
5.

7
b

F-
va

lu
e

0.
63

5.
13

**
4.

17
*

4.
77

*
3.

71
*

0.
89

2.
90

6.
66

**
10

.1
**

*
21

.8
**

*
23

.1
21

.3
**

*

N
it

ro
ge

n
0

62
.8

26
.0

16
.0

12
0.

6
72

.1
56

.7
65

.4
62

.9
76

.8
a

39
6.

4
a,

b
25

8.
3

27
2.

6
b

ra
te

60
60

.9
25

.5
17

.8
12

3.
3

80
.3

50
.7

65
.0

78
.6

79
.8

a
47

3.
9

a,
b

32
3.

6
30

7.
4

a,
b

(N
)

12
0

60
.4

25
.0

14
.7

10
8.

8
78

.2
61

.6
61

.4
70

.0
11

1.
6

b
37

9.
5

a,
b

29
3.

8
34

9.
4

a,
b

kg
ha
−

1
18

0
59

.6
23

.4
15

.8
11

3.
7

80
.4

61
.2

65
.6

83
.6

10
6.

5a
b

33
6.

3
b

25
8.

9
39

8.
5

a

24
0

57
.4

25
.7

15
.2

10
0.

8
67

.4
60

.1
74

.3
64

.9
10

3.
2a

b
49

5.
9

a
26

1.
2

36
8.

5
ab

F-
va

lu
e

0.
20

0.
34

0.
75

1.
37

0.
97

1.
06

0.
98

1.
16

3.
17

*
2.

86
*

1.
42

3.
04

*

20
17

Fe
rt

ili
za

tio
n

M
64

.8
31

.2
19

.5
11

1.
6

82
.2

a
67

.7
a

69
.5

61
.5

70
.3

48
4.

9
a

24
3.

3
a

23
5.

3
a

sy
st

em
O

54
.3

29
.3

23
.0

11
0.

3
78

.6
a,

b
52

.2
a,

b
76

.3
67

.7
86

.3
38

2.
2

a,
b

18
7.

4
b

21
0.

0
a,

b

(F
S)

O
M

52
.1

32
.3

22
.6

10
3.

7
63

.9
b

47
.6

b
69

.0
71

.2
93

.1
31

9.
5

b
11

8.
5

c
13

6.
4

b

F-
va

lu
e

1.
99

0.
08

0.
33

0.
41

3.
37

*
5.

0
*

1.
27

0.
56

1.
69

5.
12

**
16

.2
**

*
5.

32
**

N
it

ro
ge

n
0

63
.0

34
.7

25
.7

10
5.

4
78

.6
63

.8
66

.8
64

.6
74

.6
37

9.
7b

16
7.

1b
19

2.
9

a,
b

ra
te

60
63

.1
38

.2
24

.6
10

5.
3

64
.5

51
.1

73
.8

75
.4

87
.4

31
6.

4b
18

0.
2a

b
15

2.
4

b

(N
)

12
0

48
.8

26
.2

19
.2

10
4.

2
90

.0
53

.5
79

.7
73

.1
11

1.
3

59
5.

2a
26

0.
3a

28
0.

5
a

kg
ha
−

1
18

0
54

.8
24

.2
18

.3
11

0.
4

74
.6

52
.1

71
.4

64
.8

76
.9

31
6.

8b
18

5.
1a

b
22

6.
4

a,
b

24
0

55
.7

31
.5

20
.5

11
7.

3
66

.6
58

.8
66

.3
56

.2
66

.0
36

9.
6b

12
2.

6b
11

7.
1

b

F-
va

lu
e

0.
97

0.
64

0.
59

0.
41

2.
24

0.
77

1.
37

0.
83

2.
26

5.
87

**
*

6.
13

**
*

4.
89

**

FS
×

N
0.

31
1.

49
0.

53
1.

98
0.

54
0.

76
0.

40
0.

57
1.

37
2.

99
**

8.
42

**
*

6.
41

**
*

**
*,

**
,*

si
gn

ifi
ca

nt
at

p
<

0.
00

1;
<

0.
01

;<
0.

05
,r

es
pe

ct
iv

el
y;

n.
s.

—
no

n
si

gn
ifi

ca
nt

;a,
b,

c
si

gn
ifi

ca
nc

e
le

tt
er

s,
a—

th
e

hi
gh

es
t,

c—
th

e
lo

w
es

t;
a

m
ea

ns
w

it
hi

n
a

co
lu

m
n

fo
llo

w
ed

by
th

e
sa

m
e

le
tt

er
in

di
ca

te
a

la
ck

of
si

gn
ifi

ca
nt

di
ff

er
en

ce
be

tw
ee

n
th

e
tr

ea
tm

en
ts

;a
,b

,c
—

so
il

la
ye

rs
of

0.
0–

0.
30

.0
.3

0–
0.

60
.0

.6
0–

0.
90

cm
,r

es
pe

ct
iv

el
y.

74



Agronomy 2020, 10, 1701

For the M-NFS, three PCs accounted for 75% of the total variance. PC1 was associated with seven
of fourteen variables. Positive loadings were identified for P in the subsoil and Caa, but negative
values for Mg and Ca for the subsoil. Variables within each subgroup were significantly and positively
correlated with each other. Yield exerted a high positive loading on PC2. PC3 had the highest and
most positive loading with Ka, and Kb. Yield was weakly related to other soil variables but showed an
opposite direction to Pa and Kc. The latter variable was significantly and negatively correlated with Y
(Table S3b; Figure S3b).

The O-NFS was associated with three PCs, which explained 73.5% of the total variance. PC1 showed
high loadings of Pb, which were positive, and of Mgb, Cab, Cac, which were negative. PC2 showed
high positive loading with N89 and moderate with Y (0.65) and Kc (0.63). These three variables
were significantly correlated with each other, although only N89 significantly affected Y. The opposite
direction to that set of variables was exerted by P variables, of which Pa and Pb were significantly and
negatively correlated with Y. PC3 showed a high but negative loading with Ka (Table S3c; Figure S3c).

In the OM-NFS, four PCs accounted for 81.88% of the total variance. PC1 had positive loadings
for Ca, but negative for P and Mgb in the subsoil. PC2 was significantly affected by Mga and Mgc,
which had high and positive loadings, and Pa with a negative effect. PC3 was dominated with Ka.
PC4 was associated with N89 due to its high loading and moderately affected by Y (0.61). Yield was
closely, but not significantly, related to Ka and N89 (Table S3d; Figure S3d).

4. Discussion

4.1. In-Season Variability in the Growth Factor—Nitrate Nitrogen

The yield variability of winter oilseed rape (WOSR) was evaluated based on the in-season
variability in the N-NO3 content, i.e., the nitrogenous growth factor (NGF), directly impacting the rate
of WOSR plant growth during the growing season. Yield responded to the applied N, irrespective of
its chemical form, but significantly only to its lowest rate of 60 kg ha−1. This N rate resulted in a yield
increase of 60% in 2016, a year with drought in June, and a 115% increase in 2017. The recorded yield
increase fully corroborates the opinion on the high sensitivity of WOSR to drought during the end of
inflorescence emergence and the onset of flowering [18,39]. The strong response of WOSR to the lowest
N rate is typical for soil naturally poor in inorganic N, or soils strongly depleted of this N form [43]).
The second problem, which became apparent during the study, refers to the lack of WOSR response
to increasing N rates, applied as ammonium nitrate (AN) or digestate, which in the basic form is
ammonium [44]. The application of 240 kg ha−1 of N as AN resulted in a yield reduction. The observed
tendencies are broadly explained by assuming an imbalance of applied nutrients or referring to the low
nitrogen use efficiency (NUE) of WOSR plants [10,45–49]. In the studied case, this observation was
fully corroborated by the trend of partial factor productivity of N indices, which were calculated based
on the N-NO3 content in the soil at BBBCH 30. The observed PFPN30 stabilization on treatments with
the highest N rates was due to the lower rate of the NN content decrease during STME, subsequently
leading to the better N utilization by WOSR during the seed filling period (SFP). The net N increase
during the SFP, as has been documented recently by Łukowiak and Grzebisz [43], is the prerequisite of
the high yield of WOSR.

One of the most important targets of soil or plant N monitoring during the growing season
is to make a reliable yield prognosis [3,50]. In the study, the N-NO3 content in the soil profile
during two of the cardinal stages of WOSR growth, i.e., rosette (BBCH 30) and the onset of flowering
(BBCH 60), significantly limited seed yield, and therefore can be used as a yield predictor (Table A1).
The relationship obtained was best described using the quadratic regression model:

BBCH 30: Y-N30 = −0.00012N30
2 + 0.042N30 + 0.76 for n = 15, R2 = 0.72, P ≤ 0.05 (9)

BBCH 60: Y-N60 = −0.022N60
2 + 0.21N60 - 1.56 for n = 15, R2 = 0.66, P ≤ 0.05 (10)
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As results from equations developed, the N-NO3 content of 150 kg ha−1, as recorded at BBCH 30,
resulted in a theoretical Ymax of 3.91 t ha−1. The calculated yield is very close to that achieved in the
OM-NFS on the plot with the N rate of 180 kg ha−1. The yield prognosis at the onset of flowering was
significantly lower when compared to BBCH 30, as indicated by the Ymax of 3.451 t ha−1. This yield
could be achieved provided the N-NO3 amounted to 47.7 kg ha−1. Based on these two data sets, it can
be concluded that a typical feature of N management by WOSR during the stem elongation phase is a
significant decline in the N-NO3 content. The average N-NO3 content decrease, based on the respective
N optima, was 102.3 kg ha−1 (= 150 kg ha−1 at BBCH 30 minus 47.7 kg ha−1 at BBCH 60). The study
showed that the change in the N-NO3 content (ΔN-NO3) within the STME can be determined based
on the N-NO3 content precisely at BBCH 30:

ΔN-NO3 = −0.85N30 + 23.4 for n = 15, R2 = 0.98, P ≤ 0.01 (11)

The direction coefficient of the linear regression model obtained clearly indicates a high efficiency
of N-NO3 during STME, which reached 85% of the N-NO3 content in the whole analyzed soil profile.
This value can be used as an index of nitrate N uptake efficiency by WOSR.

The analysis of the N-NO3 content at BBCH 30 and its rate of change during STME can be used as
a basis for the revision of the current hypothesis about the critical stages of WOSR yield development.
In fact, it is well-documented that two phases, i.e., inflorescence emergence and flowering, are crucial
for the establishment of basic yield components. Any disturbance in plant growth during these two
phases, either abiotic or nutritional, leads to yield reduction [18,39,51]. The observed dependence of
the N-NO3 decrease during STME on its content in the soil profile at BBCH 30, as documented in this
study, explicitly indicates the rosette stage as the cardinal for exploiting WOSR yielding potential [52].
In the well-established WOSR canopy, as in this study, the NN content underwent significant depletion,
irrespective on its amount and N form (Figure 7).

Figure 7. Yield prediction based on the N-NO3 management during stem elongation phase of
WOSR growth.

4.2. In-Season Variability in Soil Fertility Factor—Available Nutrients

The yield of WOSR as discussed in the previous section responded significantly to the applied
fertilizer N, irrespective of its chemical form. The key question remaining is to what the extent the soil
fertility factor (FF), as defined by the in-season status of four basic nutrients (P, K, Mg, Ca), was related
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to the content of N-NO3, defining the NGF status, and in consequence, seed yield. The applied PCA
was revealed as a useful tool to evaluate the nitrogen fertilization system based on the above described
factors. It was also a useful tool to define the production role of particular subsoil layers with respect
to the availability of a given nutrient, or set of nutrients, as yield limiting factors. So far, knowledge
about nutrient availability from deeper soil layers, especially during the growing season, is low [53].

The analysis of the NGF, i.e., variability in the N-NO3 content during the growing season,
clearly indicates the rosette and the onset of flowering stages as cardinal for determining WOSR
yield. Based on the PCA, it can be concluded that at the onset of STME, the primary set of soil
nutrients, including the content of available Ca and Mg, representing the FF significantly limited
yield, irrespective of the studied NFS. It is necessary to stress that the importance of both nutrients
for NFS productivity resulted more strongly from their contents in the subsoil than in the topsoil.
This conclusion stresses the importance of Ca as the yield nutritional factor. In fact, the yield forming
function of Ca, in spite of the high requirements of some crops, such as oilseed rape, is weakly
recognized [23,53]. In contrast to Ca, the yield forming functions of Mg are well recognized, but are
mostly related to the onset of flowering and during the SFP [18,49].

The detailed analysis of the impact of FFs on yield for each of the studied NFSs showed a
significantly different response to the applied N form. The general pattern of the FF relation with
Y, as presented above, was to a great extent typical for the M-NFS. The shortage of Ca and Mg in
connection with a shortage of NN resulted in the insufficient exploitation of both P and especially K
from the second subsoil layer. The content of available K in this layer in the M-NFS can be used as a
single yield (Y) predictor at BBCH 30:

Y = −0.68Kc + 6.32 for n = 10, R2 = 0.85, P ≤ 0.01 (12)

The negative sign of the direction coefficient implicitly indicates that the low exploitation of K from
the subsoil, just at the rosette stage of WOSR, is the reason for the yield decline. The OM-NFS yielded
higher, because N was better balanced with basic nutrients, such as P and K, which were more strongly
exploited by WOSR plants from the subsoil as compared to the M-NFS (Table S1b and Table 3d). It was
found that a higher content of available K in the subsoil resulted in favorable conditions for the uptake
of Ca and Mg. This hypothesis was fully corroborated at the onset of flowering, when available Ca
positively affected N availability, finally resulting in a yield increase. The same effect in the OM-NFS
on N availability was exerted by P and Mg. It is well-documented that all these three nutrients are
strongly exploited by WOSR from subsoil [54–57].

A significantly different pattern of FF impact on the content of NN and yield was observed in the
O-NFS. In this particular NFS, yield significantly depended on the content of N-NO3, i.e., the NGF
was found to be the direct yield driver (Table S1c; Figure S1c). The productivity of this system was
also dependent on the content of Mg and Ca in the deep subsoil layer (c). The higher availability of
both nutrients in this layer significantly affected the unit productivity of N (PFPN30). This was the key
reason for the much higher productivity of the O-NFS system as compared to the M-NFS.

This study explicitly shows that a reasonable, but significant, decrease in the NN content during
STME is the prerequisite of high WOSR yield (Figure 7). A similar decrease in the content of other
nutrients can therefore be assumed. K requires special attention, because during this period it reaches
both the maximum rate of uptake and the maximum value of its accumulation just at the end of the
inflorescence emergence (INFE) [23,56]. In 2016, a net K content increase was recorded in all three
soil layers. The same trend was observed in 2017 for treatments fertilized fully or partly with organic
N. The observed phenomenon was not, however, related to the amount of K applied in digestate.
Therefore, it cannot be explained by the direct impact of this fertilizer on K availability through K
input, or indirectly by ammonium oxidation and its subsequent impact on the cation exchange [58].
The only reasonable explanation for the K content increase with soil depth is the WOSR activity in the
rhizosphere, including its acidification [59].
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At the onset of flowering, being at the same time the end phase of intensive uptake of N by WOSR,
the key limiting nutrient for the whole system became the content of available Mg, which controlled
the amount of NN, the direct yield driver. The result obtained corroborates the importance of Mg
for stabilizing the nutritional status of WOSR plants at this particular phase [18]. The insufficient
availability of Mg on the one hand and excess of available P in the subsoil on the other points to FFs
as critical factors for WOSR yield performance, irrespective of the NFS. Magnesium content and to a
lesser extent Ca in the subsoil exerted a positive impact on the content of NN, a direct growth factor.
Therefore, it can be concluded that the higher the content of available Mg in the subsoil, the better the
supply of N to WOSR plants during the INFE, the phase responsible for seed set [49]. In the O-NFS,
the impact of the key FF variables on the NFS functioning revealed a positive impact of Kc on the content
of NN at the end of the INFE phase, concomitant with a significant improvement in N productivity,
which was exerted by the Mg and Ca present in the second subsoil layer (Table S2c). The positive
impact of Mg content on the NN content was fully corroborated in the OM-NFS. The higher content
of both nutrients at the onset of flowering resulted in a positive yield response. The yield increase
also resulted from the concomitant positive impact of available Ca on N productivity. In both years,
the highest net increase in the content of available Ca during the STME was recorded on plots fertilized
with the highest N rate, which resulted in the highest yield. These three simultaneously occurring
processes led to a higher seed yield and the advantage of the OM-NFS over other tested NFSs.

The dominant impact of FFs as limiting production factors was fully corroborated at WOSR
physiological maturity. The entire NFS production efficiency was governed by the content of available
Ca and P in the subsoil. It is well documented that in soil of a neutral pH range, the content of available
P depends on the content of Ca and vice versa (Table S3a) [17]. The negative relationship between
the content of available K in the second subsoil layer with yield clearly indicates the stability of the
soil/plant system during the spring growing season:

Y = −0.0015Kc
2 + 0.15K-0.334 for n = 10, R2 = 0.55, P ≤ 0.05 (13)

The presented equation shows that the depletion of the K content in the second subsoil layer at
WOSR physiological maturity to 50.3 mg kg−1 is the prerequisite of the maximum yield of 3.466 t ha−1.
A quite different set of variables were responsible for O-NFS. In the final phase of WOSR growth, the
two decisive variables for yield were the amount of NN, K, and also P. The importance of this set of
nutrients for exploiting WOSR yielding potential corroborates the latest study by Grzebisz et al. [49].
The key importance of K during the SFP results from its physiological function, as related to the
transport of assimilates to the growing pods and seeds [60]. The better the supply of assimilates
to the growing pods and seeds, the higher the number of seeds, subsequently resulting in a higher
yield. The shortage of NN at this stage led to the weak exploitation of P from the whole soil profile.
This observation is in agreement with Grzebisz et al. [61], who showed that the exploitation of P from
its soil resources depends on the WOSR sink strength, which is related to the number of seeds per
unit area.

5. Conclusions

The rosette stage of WOSR growth (BBCH 30) was revealed as the cardinal for seed yield
performance. The highest yield was obtained, provided two basic conditions were fulfilled. The first
refers to the N-NO3 content at this particular stage, amounting to 150 kg ha−1. The second was the
considerable decrease in the N-NO3 content during the stem elongation phase of WOSR growth.
The yield was significantly dependent on the nitrogen fertilization system and increased in the order
of NFS: M, O, OM. The maximum yields of 3.616, 3.887, 4.195 t ha−1 were achieved given the optimum
N rates of 138.9, 171.4, 210 kg ha−1, respectively. The key factors limiting yield were significantly
related to the particular NFS. In the case of M-NFS, yield was limited by the availability of Ca and Mg,
but especially of K in the deepest subsoil layer (0.6–0.9 m). In the O-NFS, the key limiting factor was
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the shortage of N-NO3. The highest yield obtained in the OM-NFS was due to the positive impact of
Ca and Mg on both the amount of N-NO3 and its productivity. During the second cardinal stage of
WOSR yield performance, i.e., at the onset of flowering, Mg and to a lesser extent the contents of Ca in
the subsoil both resulted in an N-NO3 content increase—a direct growth factor. In can be therefore
concluded that the higher the content of available Mg in the subsoil at the onset of WOSR flowering,
the better the supply and utilization of N by plants, resulting in the highest yield. PCA analysis was
found to be an effective tool in discriminating against nitrogen fertilization systems differing in the
source of N (mineral vs. organic).

Supplementary Materials: The following Tebles and Figures are available online at http://www.mdpi.com/2073-
4395/10/11/1701/s1, Table S1a. Spearman’s matrix of correlation coefficients for the pooled nitrogen fertilization
systems at BBCH 30 of WOSR growth, n = 30; Table S1b. Spearman’s matrix of correlation coefficients for the
mineral nitrogen fertilization systems at BBCH 30 of WOSR growth, n = 10; Table S1c. Spearman’s matrix of
correlation coefficients for organic nitrogen fertilization systems at BBCH 30 of WOSR growth, n = 10; Table
S1d. Spearman’s matrix of correlation coefficients for the organic-mineral nitrogen fertilization systems at BBCH
30 of WOSR growth, n = 10; Table S2a. Spearman’s matrix of correlation coefficients for the pooled nitrogen
fertilization systems at BBCH 60 of WOSR growth, n = 30; Table S2b. Spearman’s matrix of correlation coefficients
for the mineral nitrogen fertilization systems at BBCH 60 of WOSR growth, n = 10; Table S2c. Spearman’s
matrix of correlation coefficients for organic nitrogen fertilization systems at BBCH 60 of WOSR growth, n
= 10; Table S2d. Spearman’s matrix of correlation coefficients for the organic-mineral nitrogen fertilization
systems at BBCH 60 of WOSR growth, n = 10; Table S3a. Spearman’s matrix of correlation coefficients for
the pooled nitrogen fertilization systems at BBCH 89 of WOSR growth, n = 30; Table S3b. Spearman’s matrix
of correlation coefficients for the mineral nitrogen fertilization systems at BBCH 89 of WOSR growth, n = 10;
Table S3c. Spearman’s matrix of correlation coefficients for organic nitrogen fertilization systems at BBCH 89 of
WOSR growth, n = 10; Table S3d. Spearman’s matrix of correlation coefficients for the organic-mineral nitrogen
fertilization systems at BBCH 89 of WOSR growth, n = 10. Figure S1. Principal components analysis (PCA) of
nitrate N, available nutrients content and yield indices at the onset of WOSR stem elongation for (a) total NFS, (b)
M-NFS, (c) O-NFS, (d) OM-NFS; NFS—nitrogen fertilization system; N30—nitrate N content at BBCH 30 (rosette);
PFPN30—partial factor productivity of N-NO3 at BBCH 30; P—phosphorus, K—potassium, Mg—magnesium,
Ca—calcium; a, b, c—soil layers of 0.0–0.30, 0.30–0.60, 0.60–0.90 cm, respectively, Y—yield. Figure S2. Principal
components analysis (PCA) of nitrate N, available nutrients content and yield indices at the onset of WOSR
flowering for (a) total NFS, (b) M-NFS, (c) O-NFS, (d) OM-NFS; NFS—nitrogen fertilization system; N60—nitrate
N content at BBCH 60; PFPN30—partial factor productivity of N-NO3 at BBCH 30; P—phosphorus, K—potassium,
Mg—magnesium, Ca—calcium; a, b, c—soil layers of 0.0–0.30, 0.30–0.60, 0.60–0.90 cm, respectively; Y—yield.
Figure S3. Principal components analysis (PCA) of nitrate N, available nutrients content and yield indices at WOSR
ripening for (a) total NFS, (b) M-NFS, (c) O-NFS, (d) OM-NFS; NFS—nitrogen fertilization system; N89—nitrate
N content at BBCH 89; P—phosphorus, K—potassium, Mg—magnesium, Ca—calcium; a, b, c—soil layers of
0.0–0.30, 0.30–0.60, 0.60–0.90 cm, respectively, Y—yield.
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Appendix A

Table A1. Spearman’s coefficients of correlation between nitrate N contents at cardinal stages of WOSR
growth and yield, n = 15.

Variables N60 N89 N30–60 Yield

N30 0.44 0.48 0.67 ** 0.67 **

N60 1.00 0.94 *** −0.37 0.22

N89 1.00 −0.28 0.22

N30-60 1.00 0.51 *

***, **, * significant at p < 0.001; < 0.01; < 0.05, respectively. N30, N60, N89—nitrate N content at BBCH 30, 60, and 89,
kg ha−1, respectively; N30–N60—nitrate N balance at BBCH 60 vs. BBCH 30; PFPN30—partial factor productivity of
N-NO3 at WOSR stage of BBCH 30 (rosette).
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Abstract: In order to recommend the dose of fertilization for sugar beet under currently unstable
weather conditions, we analysed beetroot and top yields, sugar content (SC), and the effect of
fertilization on soil chemistry over a three-year period (2016–2018). All three years were characterized
by different weather conditions. The year 2016 was very warm and very dry. The year 2017 was
warm with normal precipitation. The year 2018 was extraordinary warm and very dry. We compared
the following ten fertilization treatments: unfertilized control, farmyard manure (FYM), mineral
fertilizers NPK1–4, and FYM + NPK1–4. The applications of FYM, NPK, and FYM + NPK resulted in
significantly higher yields of beetroots and tops as compared with the control, while no significant
differences were recorded among FYM, NPK, and FYM + NPK treatments. The SC was not affected by
the fertilization. The application of NPK resulted in a lower pH value, while the highest values were
recorded for the control and FYM treatments. The application of FYM + NPK increased the content
of organic carbon (Corg) in the soil, the total content of nitrogen (Ntot), and P and K concentrations.
According to the results of the linear-plateau model, the recommended dose of N is 112 kg ha−1,
corresponding to a beetroot yield of 66 t ha−1.

Keywords: Beta vulgaris L.; organic manure; weather conditions; soil chemistry; sugar concentration

1. Introduction

Sugar beet is one of the most important crops in the EU, as it is the only raw material
for sugar extraction. Sugar beet acts as a good breaker of cereal crop rotations in the field
and is also a good pre-crop for cereals (except for spring barley [1]), which are the most
abundant arable crops in the EU. During most of the 20th century, sugar beet was a strategic
crop in the Czech Republic. With the change from a centrally planned economy to a market
economy in 1989, followed by the application of EU quotas restricting beetroot yields,
sugar beet has undergone significant changes both in regards to the size of sown areas and
in yields per hectare. Today, sugar beet is grown on an average area of 61,000 ha in the
Czech Republic.

Beetroot and top yield and the quality of sugar beet are affected by a wide range of
factors. Some of these factors are controllable by the farmers, such as crop rotation [2],
tillage practices [3–6], or fertilization, however, some of them are not, such as weather
conditions [7]. Fertilization represents a crucial factor influencing the final yield and quality,
especially fertilization with nitrogen (N). The under application of N leads to a lower yield
of beetroots and lower sucrose yield, while an over–application of N leads to imbalanced
partitioning of assimilates, decreased sucrose content, and increased concentrations of
impurities, resulting in reduced sucrose extraction [3,8–12] due to higher water retention
by the beetroots and a lower amount of dry matter. An over–application of N also increases
the concentration of soluble N compounds in the beetroots and this prevents subsequent
extraction of sugar.

The determination of the optimal nitrogen dose varies from site to site, and therefore
is site-specific dose. According to Chatterjee et al. [12], a single dose of 146 kg ha−1 of N
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was recommended in North Dakota and Minnesota for sugar beet, irrespective of soil type
and soil organic matter content, but this recommendation should be lowered to 112 kg ha−1

of N, based on their two years of research. According toDeBruyn et al. [13], a dose of
157 kg ha−1 of N was associated with the highest beetroot yield, while 136 kg ha−1 of N
was associated with the highest profit, in their three year experiment in Canada. In Europe,
much attention is being paid to sugar beet nutrition experiments. Islamgulov et al. [14]
experimented with the hybrid Hercules and found that 160 kg ha−1 of N provided the
highest economic efficiency under the conditions of the middle Cis-Ural region. According
to Malnou et al. [15], who analysed the response of sugar beet to N fertilization at five sites
within the UK, a dose of 100 kg of N per ha, in the absence of organic manure, should be
applied for maximum yield. Similar results (100–110 kg ha−1 of N) were published by
Jaggard et al. [16], who analysed 161 experiments from England in their meta-analysis.
The optimal dose can be determined by modelling. There are several models applicable
depending on the crop evaluated, the data obtained, and the answer to the question being
asked [17]. The quadratic model offers an answer to the maximum yield depending on the
dose of nutrients. This model is very suitable for winter wheat because, with an increasing
dose of nitrogen, wheat yields initially increase and begin to decline after reaching a critical
value [18]. However, determining the dose of nutrients, in this way, may not be statistically
significantly different from the lower dose of applied nutrients. Not every crop follows a
parabolic course for the dependence of yields and doses of applied nutrients. For example,
the reaction of sugar beet yields on doses of nitrogen may be linear [19], even the differences
between the analysed fertilizer treatments are not significant. In that case, a linear-plateau
model can provide useable answers [12,17,19].

Previously, the sugar beet crop, in the Czech Republic, was commonly fertilized
with organic manures. We deliberately state “previously”, because today’s situation is
completely different. There is a shortage of organic manure due to a reduction in animal
production and there has been a significant split between animal and plant production,
manifested by an insufficient amount of organic matter incorporated into the soil. The com-
mon doses of farmyard manure applied directly to potatoes and sugar beet range from 20 to
40 tons per hectare in the Czech Republic. As compared with mineral fertilizers, the content
of nutrients in organic manures is non-standardized. Thus, the nutrient content may vary,
depending on the animals from which it came, their diet, and other aspects. The min-
eralization process is also strongly dependent on weather conditions [20], and therefore
farmers may not know exactly how much nutrients they applied to the soil, which may
explain the recommendation to not use farmyard manure for sugar beet fertilization [21,22].
However, rising prices for mineral fertilizers [21] and the practice of growing sugar beet for
the organic market [23] have increased the interest in the application of organic manures
to sugar beet, especially in the USA, because the application of manures directly to sugar
beet has a long tradition in Europe. Organic manures work in two ways. The first way
represents direct releasing of nutrients into the soil environment through the process of
mineralization. The second way represents the beneficial influence on the soil’s physical,
chemical, and biological properties [24–29], especially maintaining and increasing soil
organic carbon (SOC) content. This indirect positive effect of livestock manure on crop
yields was evidenced by Hlisnikovský et al. [18].

Concerning the issues discussed above, we analysed a three-year sequence in a long-
term field experiment, and focused on how mineral fertilizers (different doses, NPK1–4),
farmyard manure (FYM), and combinations of FYM and NPK (FYM + NPK1–4) affected
the yield and quality of sugar beet beetroots and tops. In this paper, we also recommend
the dose of fertilizers according to the linear-plateau regression model. The evaluation
included three years (2016, 2017, and 2018). All three years were characterized by different
weather conditions. The year 2016 was very warm and very dry, but with relatively good
conditions for sugar beet. The year 2017 was warm, with normal precipitation. The year
2018 was extraordinary warm and very dry, significantly affecting sugar beet beetroot
and top yields, therefore, in our experiment, we covered the unfavourable conditions
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that occurred more frequently and were connected with global weather change. Finally,
an analysis of soil properties affected by the fertilizer treatments is also provided.

2. Materials and Methods

2.1. Site Description

The long-term field trial was located on the western border of the city of Prague
(the Czech Republic, Central Europe, temperate climate zone, 50◦05′15′′ N, 14◦17′28′′ E).
The trial was established to study the effect of different fertilizer treatments and crop
rotations on yield and quality of arable crops and soil chemical properties. The year the
trial was established was 1954. The annual mean precipitation and mean temperature
from the establishment of the trial is shown in Figure 1. The standard climatological
long-term average (1954–2019) precipitation and temperature was 490.4 mm and 8.65 ◦C,
respectively. The standard climatological normal (1961–1990) of the precipitation and
temperature was 472.8 mm and 7.97 ◦C, respectively. The average annual precipitation for
the years 2016, 2017, and 2018 was 382.1, 470.0, and 345.3 mm, respectively. The average
annual temperature for the same years was 10.0, 9.9, and 11.1 ◦C, respectively. The average
temperature at the site had an increasing trend, and total precipitation also increased
slightly (Figure 1). According to Kožnarová and Klabzuba [30], all three years were
characterized by different weather conditions. The year 2016 was very warm and very
dry, with conditions relatively good for sugar beet. The year 2017 was warm with normal
precipitation, providing optimal conditions for sugar beet. The year 2018 was extraordinary
warm and very dry, significantly reducing beetroot and top yields. The altitude of the trial
site is 370 m a.s.l. According to the World Reference Base [31], the soil type is haplic Luvisol.

Figure 1. The mean annual precipitation (mm) and temperature (◦C) at the experimental site in
Prague (1954–2019). Blue and red squares indicate analysed years, blue is the linear regression
equation for temperature and red is thelinear regression equation for precipitation.

2.2. Experimental Design Description

The long-term field trial consisted of five fields, marked as I, II, III, IV, and B. Each
field consisted of 96 experimental plots (12 × 12 m), where 24 different fertilizer treatments
were applied in four replications (24 × 4 = 96). Each field was arranged in a completely
randomized block design. The results used, in this paper, analysed the yield and quality of
sugar beet from fields IV (2016), III (2017), and II (2018). The crop rotation in these fields
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was equal, consisting of red clover, red clover, winter wheat, sugar beet, spring barley,
potatoes, winter wheat, sugar beet, and spring barley. In this paper, we analysed the sugar
beet following the red clover-winter wheat sequence.Among the 24 fertilizer treatments,
the following 10 fertilizer treatments were analysed in this paper: (1) the control (unfertil-
ized since 1954), (2) NPK1, (3) NPK2, (4) NPK3, (5) NPK4, (6) the farmyard manure (FYM),
(7) FYM + NPK1, (8) FYM + NPK2, (9) FYM + NPK3, and (10) FYM + NPK4. The FYM was
applied in October before moderate deep tillage (0.2 m) at a dose of 21 t ha−1. The content
of nutrients in the applied FYM was approximately 105 kg, 39 kg, and 124 kg of N, P,
and K ha−1, respectively. The doses of mineral N, P, and K are shown in Table 1.

Table 1. Doses of applied N, P, and K in the analysed fertilizer treatments.

Fertilizer Treatment N (kg ha−1) P (kg ha−1) K (kg ha−1)

NPK1 80 64 150
NPK2 120 64 150
NPK3 160 80 200
NPK4 200 80 200

FYM + NPK1 (105) + 80 (39) + 64 (124) + 150
FYM + NPK2 (105) + 120 (39) + 64 (124) + 150
FYM + NPK3 (105) + 160 (39) + 80 (124) + 200
FYM + NPK4 (105) + 200 (39) + 80 (124) + 200

Note: Values in parentheses represent the expected amount of nutrients provided by the FYM.

Mineral N was applied as lime ammonium nitrate (27% N), mineral P as the super-
phosphate (8.3% P), and mineral K as potassium chloride (49.8% K). Mineral P and K
fertilizers were applied in autumn and were incorporated into the soil by moderate deep
tillage (0.2 m). Mineral N was applied in the spring, before the beet planting. The harvest
of the sugar beet was in October. The sugar beet tops from each experimental plot were
separated from the beetroots by hand trimmers and weighed in a net using a mobile digital
scale. The harvest of sugar beet beetroots was done using a root crops digger. The beetroots
were, then, weighted in the same way as the sugar beet tops, using the nets and mobile
digital scale.

2.3. Sugar Beet Analyses

2.3.1. Nitrogen and Phosphorus Content in Plant Materials

Nitrogen and phosphorus contained in plant tissues were determined by mineraliza-
tion with a mixture of sulfuric acid, hydrogen peroxide, and selenium. A portion of the
analysed sample was oxidized with hydrogen peroxide in concentrated sulfuric acid. Af-
ter decomposition of the hydrogen peroxide and distillation of the water, the mineralization
was completed by boiling with sulfuric acid under the catalytic action of selenium. The re-
sulting solution was analysed using a San plus System SKALAR analyser (Skalar Analytical
B.V., Breda, The Netherlands).

2.3.2. The Contents of K, Ca, Mg, and Na in Plant Materials

The contents of K, Ca, Mg, and Na in plant tissues were determined by oxidation
with hydrogen peroxide in a concentrated nitric acid medium in a closed system with a
controlled temperature rise, using a Milestone microwave digestion system (Milestone
Inc., Sorisole, Italy). The final analysis was carried out using a ICP–OES Trace Scan device
(Thermo Jarrel Ash, Trace Scan, Franklin, TN, USA).

2.3.3. Sugar Content Analysis

Sampling and determination of sugar content were performed following the ČSN 46 2110
standard. Laboratory processing of whole sugar beet beetroots bean with its cleaning
and subsequent mechanical processing. Beetroots were cut into slices to represent its
entire profile. In this way, a sample was taken from each beetroot and further grated
on a mechanical grater. The grated material was thoroughly mixed to be sufficiently
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homogeneous. From the sample, thus prepared, 26 g was again weighed, put into a
beaker, and circumfused with the extraction solution. This was followed by heating in a
water bath heated to 80 ◦C for 30 min. After this time, the samples were cooled to room
temperature, filtered through a filter, and the filtrate was poured through a tube of an
automatic polarimeter (Polarimeter MCP 200, Anton Paar, Graz, Austria).

2.4. Soil Analysis

The samples of the soil (Ap horizon, 0–30 cm) were taken using a soil probe. Totally,
four soil samples were taken from each experimental plot. The pH value was analysed
potentiometrically (inoLab pH 730, WTW, Xylem Analytics, Weilheim, Germany). The con-
tent of soil organic carbon (Corg) was analysed according to [2,3]. The content of nitrogen
(Ntot) was done using sulfuric acid in the heating block (Tecator, Sweden), and following
the Kjeldahl method [32]. The contents of soil P, K, Ca, and Mg were analysed via the
Mehlich III solution [33], followed by ICP-OES analysis (Thermo Scientific iCAP 7400 Duo,
Thermo Fisher Scientific, Cambridge, UK).

2.5. Data Analyses

The analysis of variance (ANOVA) was used to evaluate the effect of fertilizer treat-
ment in one season. For the evaluation of fertilizer treatment, season, and their interaction,
the multivariate analysis of variance (MANOVA) was used. Both analyses were followed
by Tukey’s HSD post hoc test to select the treatments and seasons that differentiated
significantly. To perform all analyses, we used STATISTICA 13.3 software (TIBCO Soft-
ware, Palo Alto, CA, USA). The linear-plateau model was calculated using the R software
(R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria, 2020), together with the three R packages [34–36].

3. Results

3.1. The Effect of Farmyard Manure (FYM) on Sugar Beet Beetroot and Top Yield

If we compare the effect of manure application, we find that the beetroot yield in the
observed period (2016–2018) was significantly affected by both the fertilization treatment
(d.f. = 1, F = 13.58, p < 0.001) and especially the weather conditions (d.f. = 2, F = 73.48,
p < 0.002). The effect of the interaction between the treatment and year was also significant
(d.f. = 2, F = 4.29; p < 0.03). The conditions of the year had the highest impact on beetroot
yield (80%), followed by the fertilizer treatment (15%), and their interaction (5%).

The application of the FYM provided comparable results as the control. Significantly
higher yields were recorded only in 2016 (Table 2). The average beetroot yield was 52.9 t ha−1

in the control, and 61.2 t ha−1 in the FYM treatment (2016–2018, Table 2). Comparing the
years, the average yield was 66.2 t ha−1 and 67.2 t ha−1 in 2016 and 2017, respectively
(without a statistical difference), while the significantly lower yield was recorded in 2018
(37.8 t ha−1) (Table 2).

Table 2. The beetroot and top yield as affected by the fertilizer treatment (control and farmyard manure (FYM)) and year (2016–2018).

Beetroot Yield (t ha−1) Top Yield (t ha−1)

2016 2017 2018 X 2016 2017 2018 X

Control 57.4 ± 4.3A 65.7 ± 2.0A 35.6 ± 4.0A 52.9 ± 4.3A 20.4 ± 1.5A 22.8 ± 0.6A 9.0 ± 0.1A 17.4 ± 1.9A
FYM 75.0 ± 1.1B 68.7 ± 1.0A 39.9 ± 2.3A 61.2 ± 4.7B 23.8 ± 0.6A 24.8 ± 1.7A 9.6 ± 0.9A 19.4 ± 2.2B

66.2 ± 3.9Bb 67.2 ± 1.2b 37.8 ± 2.3a 22.1 ± 1.0b 23.8 ± 0.9b 9.3 ± 0.4a

Note: The mean values with the standard error of the mean followed by the same letter (small letters “a”, horizontally; and big letters ”A”,
vertically) are not significantly different (p, 0.05).

In the individual years, the top yield was not affected by the FYM application (Table 2).
However, for the entire evaluated period (2016–2018), the differences among the compared
treatments (d.f. = 1, F = 5.5, p < 0.03) and years (d.f. = 2, F = 113.0, p < 0.001) were significant.
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While the effect of the year was 95%, the effect of fertilization was only 5%. As in the case
of beetroots, this means that the differences between the compared fertilization treatments
were very low, while the fluctuation between the years was very high (caused mainly by the
severe drought in 2018). The average top yield was 17.4 t ha−1 in the control, while it was
19.4 t ha−1 in the FYM treatment. Comparing the years, the highest yields were recorded
in 2017 (23.8 t ha−1), followed by 2016 (22.1 t ha−1), and 2018 (9.3 t ha−1) (Table 2).

3.2. The Effect of Mineral NPK on Sugar Beet Beetroot and Top Yield

If we compare the entire period (2016–2018), the application of mineral NPK fertilizers
generally increased the beetroot yield significantly (Table 3). According to MANOVA,
the beetroot yield was mainly affected by the year (d.f. = 2, F = 146.3, p < 0.0001, 92%),
showing a very high fluctuation among the years. The highest average yield was recorded
in 2017 (72.2 t ha−1), followed by 2016 (68.2 t ha−1), and 2018 (44.4 t ha−1). The effect of the
fertilizer treatment was also significant (d.f. = 4, F = 11.4, p < 0.001), but the only significant
difference was recorded between the control and NPK treatments. However, no significant
differences among NPK1–4 treatments were recorded over the entire period (Table 3).
The average beetroot yield was 52.9 t ha−1 (control), 61.3 t ha−1 (NPK1), 62.7 t ha−1 (NPK3),
63.3 t ha−1 (NPK2), and 67.7 t ha−1 (NPK4). When only NPK treatments were considered,
yield response to N rates across three years plateaued at 112 kg ha−1 N with a corresponding
beetroot yield of 66 t ha−1 (Figure 2, left).

Table 3. The beetroot and top yield as affected by the fertilizer treatment (control, NPK1–4) and years (2016–2018).

Beetroot Yield (t ha−1) Top Yield (t ha−1)

2016 2017 2018 X 2016 2017 2018 X

Control 57.4 ± 4.3A 65.7 ± 2.0A 35.6 ± 4.0A 52.9 ± 4.3A 20.4 ± 1.5A 22.8 ± 0.6A 9.0 ± 0.1A 17.4 ± 1.9A
NPK1 70.3 ± 1.3AB 72.9 ± 3.1A 40.6 ± 1.9AB 61.3 ± 4.6B 27.8 ± 1.3B 28.2 ± 0.7B 11.8 ± 0.6B 22.6 ± 2.3B
NPK2 70.7 ± 3.8AB 73.5 ± 2.5A 45.7 ± 0.7ABC 63.3 ± 4.0B 29.3 ± 1.5B 28.8 ± 1.1B 13.0 ± 0.5B 23.7 ± 2.4B
NPK3 68.3 ± 2.7AB 73.8 ± 2.3A 46.1 ± 0.8BC 62.7 ± 3.8B 32.6 ± 1.3B 30.5 ± 1.3BC 12.0 ± 0.4B 25.0 ± 2.8BC
NPK4 74.5 ± 4.3B 75.0 ± 2.0A 53.8 ± 2.6C 67.7 ± 3.4B 31.4 ± 0.7B 35.1 ± 1.9C 13.8 ± 0.6B 26.8 ± 2.9C

68.2 ± 1.9b 72.2 ± 1.2b 44.4 ± 1.7a 28.3 ± 1.1b 29.1 ± 1.0b 11.9 ± 0.4a

Note: The mean values with the standard error of the mean followed by the same letter ( small letters “a”, horizontally and big letters “A”,
vertically) are not significantly different (p, 0.05).

Figure 2. Means (black dots) of sugar beet beetroot yield (left) and top yield (right) at different N rates of NPK treatments
in 2016, 2017, and 2018 combined and their linear-plateau regression (blue line).

In the case of the sugar beet top yield, the effect of the year (d.f. = 2, F = 425.9,
p < 0.0001), fertilizer treatments (d.f. = 4, F = 34.3, p < 0.001), and their interactions (d.f. = 8,
F = 3.8, p < 0.002) was significant. The lowest average top yield over the evaluated period
was provided by the control treatment (17.4 t ha−1). Significantly higher top yields were
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recorded in NPK treatments, with the highest top yield in the NPK4 treatment (26.8 t ha−1)
(Table 3). The year again had the greatest impact on the top yield (92%), followed by
the fertilization treatment (7%). Comparable top yields were recorded in the years 2016
(28.3 t ha−1) and 2017 (29.1 t ha−1), while a significantly lower top yield was recorded in
the dry year 2018 (11.9 t ha−1) (Table 3). According to the linear-plateau model, the mean
top yield response to N rates across three years plateaued at 122 kg ha−1 N, with a
corresponding top yield of 25 t ha−1 (Figure 2, right).

3.3. Comparison of the FYM and FYM + NPK Treatments

Over the entire evalutated period (2016–2018), the combined application of the FYM
with mineral NPK fertilizers significantly increased the beetroot yields (d.f. = 5, F = 19.6,
p < 0.001) (Table 4). The lowest yield was recorded in the control (52.9 t ha−1), followed by
the FYM treatment (61.2 t ha−1). The addition of mineral NPK fertilizers significantly in-
creased the beetroot yields as compared with the control and FYM treatments (Table 4),
ranging from 65.5 t ha−1 (FYM + NPK3) to 66.3 t ha−1 (FYM + NPK1). The differences
among all FYM + NPK treatments were insignificant. The effect of the year was also signifi-
cant (d.f. = 2, F = 333.7, p < 0.0001), as well as the year*treatment interaction (d.f. = 10, F = 2.5,
p = 0.014). The comparison of years indicated the same results as the previous evaluation.
While in the years with relatively favourable conditions (2016 and 2017) the differences
were not significant (the average yields were 71.4 t ha−1 in 2016 and 72.4 t ha−1 in 2017),
the conditions of the year 2018 sharply reduced the beetroot yield to an average value
of 45.1 t ha−1. The beetroot yield response to different rates of FYM and NPK fertilizers
plateaued at 165 kg ha−1 N, with a corresponding beet yield 66 t ha−1 (Figure 3, left).

A similar effect of mineral fertilizers was found for the top yields. The top yield was
significantly affected by the year (d.f. = 2, F = 493.8, p < 0.0001), fertilization treatment
(d.f. = 5, F = 41.8, p < 0.0001), and their interaction (d.f. = 10, F = 4.5, p < 0.001). The lowest
yields were provided by the control and FYM treatments (17.4 and 19.4 t ha−1, respectively)
(Table 4). The addition of mineral fertilizers increased the top yields significantly, ranging
from 25.2 t ha−1 (FYM + NPK2) to 26.9 t ha−1 (FYM + NPK3). The differences between the
FYM + NPK treatments were insignificant. Comparing the years, dry conditions during
2018 resulted in the lowest yield of the tops (12.1 t ha−1), while significantly higher yields
were recorded in 2016 and 2017 (28.8 and 29.7 t ha−1, respectively). According to the
linear-plateau model, the response of the sugar beet tops plateaued at 181 kg ha−1 N,
with a corresponding yield of 24 t ha−1 (Figure 3, right).

Figure 3. Means (black dots) of sugar beet beetroot yield (left) and top yield (right) at different N rates applied with the
FYM and FYM + NPK treatments in 2016, 2017, and 2018 combined and their linear-plateau regression (blue line).
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3.4. The Effect of Fertilization on Sugar Content (SC) and Chemical Elements Concentration

We must admit that due to limited funds, analyses of sugar beet in reduced quantities
were performed over the years 2016–2018. This means that no repeated measurements
were performed from each fertilizer treatment every single year. Therefore, the results of
the statistical analysis presented here represent the average results for the entire analysed
period. It is, therefore, necessary to take the results with a grain of salt.

According to the statistical analysis, no significant differences were recorded between
the fertilizer treatments for any analysed parameter (the SC and the concentration of N,
P, K, Ca, Mg, and Na) of the sugar beetroots. The SC varied from 19.7% (NPK4) to 21.9%
(NPK1) (Table 5). The concentration of N, P, K, Ca, Mg, and Na was not affected by the
fertilizer treatment (Table 5).

Table 5. The sugar content (%) and concentrations of N, P, K, Ca, Mg, and Na (%) in sugar beet beetroots as affected by the
fertilizer treatment and over the years 2016–2018.

SC (%) N (%) P (%) K (%) Ca (%) Mg (%) Na (%)

Control 19.9 ± 0.8 0.19 ± 0.01 0.02 ± 0.01 0.16 ± 0.03 0.07 ± 0.01 0.05 ± 0.01 0.006 ± 0.002
NPK1 21.9 ± 1.3 0.20 ± 0.02 0.02 ± 0.01 0.17 ± 0.03 0.05 ± 0.01 0.05 ± 0.01 0.005 ± 0.001
NPK2 20.5 ± 0.9 0.20 ± 0.01 0.08 ± 0.06 0.17 ± 0.02 0.16 ± 0.11 0.05 ± 0.01 0.006 ± 0.001
NPK3 19.8 ± 0.3 0.19 ± 0.02 0.02 ± 0.01 0.16 ± 0.03 0.05 ± 0.01 0.05 ± 0.01 0.006 ± 0.001
NPK4 19.7 ± 0.9 0.20 ± 0.02 0.02 ± 0.01 0.18 ± 0.04 0.04 ± 0.01 0.05 ± 0.01 0.007 ± 0.001
FYM 20.1 ± 0.5 0.19 ± 0.01 0.02 ± 0.01 0.15 ± 0.02 0.05 ± 0.01 0.05 ± 0.01 0.007 ± 0.001

FYM + NPK1 21.1 ± 1.1 0.20 ± 0.02 0.02 ± 0.01 0.16 ± 0.02 0.05 ± 0.01 0.05 ± 0.01 0.008 ± 0.001
FYM + NPK2 21.2 ± 0.8 0.22 ± 0.02 0.02 ± 0.01 0.20 ± 0.03 0.05 ± 0.01 0.05 ± 0.01 0.010 ± 0.003
FYM + NPK3 19.8 ± 0.7 0.20 ± 0.02 0.02 ± 0.01 0.16 ± 0.03 0.05 ± 0.01 0.05 ± 0.01 0.007 ± 0.001
FYM + NPK4 20.7 ± 0.6 0.21 ± 0.01 0.02 ± 0.01 0.17 ± 0.03 0.04 ± 0.01 0.05 ± 0.01 0.007 ± 0.001

Note: The mean values without letters were not significantly different.

Similar results were recorded in the case of the sugar beet tops, where the concen-
trations of N, P, K, Ca, and Mg were analysed. Except for P, the effect of the fertilizer
treatment was insignificant. All results are shown in Table 6. In the case of P, the mean
concentration varied from 0.15% (control) to 0.23% (NPK4 and FYM + NPK1 treatments).
Higher concentrations of the P were found in the FYM + NPK treatments as compared
with the control, FYM, and NPK treatments (Table 6).

Table 6. The concentrations of N, P, K, Ca, and Mg in sugar beet tops as affected by the fertilizer treatment and over the
years 2016–2018.

N (%) P (%) K (%) Ca (%) Mg (%)

Control 2.54 ± 0.21 0.15 ± 0.01A 3.66 ± 0.17 1.38 ± 0.12 0.85 ± 0.10
NPK1 2.39 ± 0.23 0.19 ± 0.01 AB 4.35 ± 0.21 1.26 ± 0.15 0.84 ± 0.10
NPK2 2.63 ± 0.15 0.20 ± 0.01 AB 4.43 ± 0.24 1.15 ± 0.18 0.79 ± 0.11
NPK3 2.67 ± 0.17 0.19 ± 0.01 AB 4.11 ± 0.11 1.25 ± 0.17 0.95 ± 0.10
NPK4 3.03 ± 0.16 0.23 ± 0.02B 4.20 ± 0.09 1.14 ± 0.17 0.84 ± 0.13
FYM 2.51 ± 0.22 0.18 ± 0.01AB 3.36 ± 0.56 1.25 ± 0.06 0.83 ± 0.02

FYM + NPK1 2.71 ± 0.29 0.23 ± 0.03B 3.85 ± 0.18 1.04 ± 0.11 0.76 ± 0.06
FYM + NPK2 2.96 ± 0.24 0.22 ± 0.01B 4.14 ± 0.06 1.10 ± 0.10 0.82 ± 0.06
FYM + NPK3 3.07 ± 0.12 0.22 ± 0.01B 3.55 ± 0.08 1.09 ± 0.06 0.89 ± 0.05
FYM + NPK4 2.89 ± 0.11 0.22 ± 0.01B 3.94 ± 0.19 1.08 ± 0.08 0.84 ± 0.01

Note: The mean values with the standard error of the mean followed by the same letter are not significantly different (p, 0.05). Mean values
without letters were not significantly different.

3.5. The Effect of the Fertilizer Treatments on the Soil Properties

The application of different combinations and doses of fertilizers did not affect the
value of the soil pH. The average values ranged from 6.08 (NPK3) to 6.60 (FYM). The con-
centration of N was slightly affected by the fertilizer treatment. The lowest concentrations
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were recorded in the control and FYM treatments (0.13%), while the highest concentrations
were recored in the FYM+NPK4 treatment (0.16%). All other treatments provided results
fitting within these extreme limits. In the case of soil carbon content, the distribution
of the fertilizer treatments is clearer. The lowest C concentration was recorded in the
control treatment (0.99%). All FYM + NPK treatments differed significantly from this value,
and ranged from 1.26% to 1.35%, while the FYM and all NPK treatments filled the space
between the control and FYM + NPK treatments. The concentration of soil P significantly
varied among the treatments with lowest concentration in the control (20 mg kg−1) and
FYM (29 mg kg−1) treatments and highest concentrations in NPK4 (70 mg kg−1) and FYM
+ NPK4 (93 mg kg−1) treatments. A similar pattern was recorded in the case of K (lowest
concentrations were in the control and FYM treatments, while the highest concentrations
were in the NPK4 and FYM + NPK2 treatments) (Table 7). The concentrations of Ca and
Mg were not affected by the fertilizer treatment (Table 7).

Table 7. The basic soil chemical properties as affected by the fertilizer treatment and over the years 2016–2018.

pH Ntot (%) Corg (%)
P

(mg kg−1)
K

(mg kg−1)
Ca

(mg kg−1)
Mg

(mg kg−1)

Control 6.44 ± 0.16A 0.13 ± 0.01A 0.99 ± 0.04A 20 ± 4A 150 ± 7A 3097 ± 104 180 ± 9
NPK1 6.26 ± 0.18B 0.14 ± 0.01AB 1.10 ± 0.03AB 53 ± 10BC 182 ± 8ABC 2813 ± 121 150 ± 10
NPK2 6.20 ± 0.29B 0.14 ± 0.01AB 1.15 ± 0.05AB 59 ± 5CD 198 ± 11ABC 2951 ± 231 149 ± 3
NPK3 6.08 ± 0.08C 0.13 ± 0.01A 1.16 ± 0.05AB 52 ± 2BC 173 ± 14AB 2790 ± 99 147 ± 16
NPK4 6.20 ± 0.12B 0.14 ± 0.01AB 1.22 ± 0.04AB 70 ± 1CDE 195 ± 10ABC 2800 ± 139 141 ± 7
FYM 6.60 ± 0.17A 0.14 ± 0.01AB 1.19 ± 0.05AB 29 ± 5AB 166 ± 15A 3240 ± 214 187 ± 1

FYM + NPK1 6.46 ± 0.21A 0.15 ± 0.01AB 1.27 ± 0.07B 64 ± 1CDE 199 ± 23ABC 3154 ± 308 176 ± 15
FYM + NPK2 6.34 ± 0.20AB 0.15 ± 0.01AB 1.31 ± 0.10B 87 ± 6DE 246 ± 11CD 3031 ± 244 172 ± 10
FYM + NPK3 6.19 ± 0.11B 0.15 ± 0.01AB 1.26 ± 0.02AB 73 ± 3CDE 202 ± 13ABC 2891 ± 142 170 ± 5
FYM + NPK4 6.26 ± 0.20B 0.16 ± 0.01B 1.35 ± 0.07B 93 ± 12E 254 ± 24D 3022 ± 129 177 ± 3

Note: The mean values with the standard error of the mean followed by the same letter are not significantly different (p, 0.05). Mean values
without letters were not significantly different.

4. Discussion

As compared with the control, statistically higher beetroot yields in the FYM treatment
were recorded only in 2016 (+17.6 t ha−1). In the following years, the application of FYM
resulted in comparable yields. If we compare the entire evaluated period (2016–2018), the
application of FYM increased the average sugar beet beetroot yield by about 8 t ha−1. In the
case of the tops, no differences between the control and the FYM treatments were recorded
in individual years. A comparison of the entire analysed period showed that the average top
yield was significantly higher in the FYM treatment (+2.0 t ha−1) (Table 2). As mentioned
above, the mineralization of manure in the soil strongly depends on the weather and other
soil parameters [20]. The years 2016 and 2017 represent seasons with relatively good (2016)
and good (2017) conditions, resulting in very high yields in the control (especially in 2017,
these yields are very high for the unfertilized control treatment and we assume that they
are the result of exceptionally good climatic conditions during the season), and visible
effect of the FYM (especially in 2016). The extremely unfavourable weather conditions
in 2018 reduced beetroot yields by 43% and top yields by 69%. The explanation for the
higher yields in the FYM treatment lies both in the direct supply of nutrients through
mineralization and the course of mineralization. According to Barłóg et al. [8], three main
periods of beetroot yield formation can be distinguished, i.e., early, midseason, and final
period, with N requirements dominating in the first two stages. The FYM is a fertilizer
with a high C/N ratio (in comparison with slurries), and contains a high amount of organic
N that is not directly available to plants [20], therefore, FYM releases its nutrients slowly
and over a longer period, covering critical periods of beet formation (if weather conditions
allow it). A similar effect of FYM on sugar beet yield was published in [21]. According to
their results, the yield response to different manure ratios across two years plateaued at
23 t ha−1, with a corresponding beet yield of 62.2 t ha−1. The sugar content (SC, %) was not
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affected by the FYM application. Both treatments (control and FYM) varied from 19.9% to
20.1%. The same situation happened in the case of other chemical elements in the beetroots
and tops (Tables 5 and 6), therefore, the application of the FYM provided higher yields
and, consequently, a higher amount of sugar harvested from the field, without significant
changes in sugar beet chemical composition. This also applies to the comparison of all
other fertilization treatments (Tables 5 and 6), except P concentration in sugar beet tops
(Table 6), where P concentration slightly increases in NPK4 and all FYM + NPK treatments.

Application of mineral fertilizers significantly increased beetroot and top yield (Table 3).
This result is expected and is in line with other published results [6,9,14,21], as N is the
most important element for sugar beet and mineral fertilizers provide readily available
N in precisely definable amounts. In our research, it was rather crucial to recommend an
average dose of nitrogen that provided the best results during the years including both,
the standard and the dry weather conditions. In the case of mineral fertilizers applied
without organic manures, it is relatively simple and our results are comparable with other
recommendations [12,15,16], while lower than recommendations of [13,14], but every
experiment provides site-specific recommendations concerning soil and climate conditions
of the site. In our case, a dose of 122 kg ha−1 N represents a breakpoint between the
linear and plateau functions of the developed model, with the corresponding beetroot
yield of 66 t ha−1. Application of N above this value does not increase the beetroot
yield significantly.

The combined application of FYM and mineral fertilizers (FYM + NPK treatments)
had a different course each year. In years with good climatic conditions, the beetroot yield
fertilized with the FYM was comparable (2016) or slightly lower (2017, only FYM + NPK4
treatment provided significantly higher yields as compared with the FYM treatment) than
in the FYM + NPK treatments (Table 4). A significant difference only became apparent
with the advent of drought in 2018, when treatments fertilized with FYM + NPK provided
higher yields than treatments fertilized only with FYM. In years with a normal course,
manure could cover the demands of beets during the season and provided very good
yields. However, in the event of a drought, the efficiency of manure decreased as it
responded more sensitively to unsuitable climatic conditions. The positive benefit of
mineral fertilizers was also manifested in the case of the tops. The combined application
of FYM and mineral fertilizers provided, on average, higher yields than the application
of FYM alone. These results were predictable. For this article, it was more important to
analyse the response of beetroots and tops to the dose of nutrients and to determine the
recommended dose. From this point of view, it is interesting that the breaking point of the
linear-plateau model occurred at the same value as in the NPK treatments, i.e., 66 t ha−1,
but the amount of nitrogen increased to 165 kg ha−1 (+53 kg ha−1 N as compared with
the NPK treatments). The same situation occurred in the case of the beet tops, where the
break occurred at a yield of 24 t ha−1, and at a dose of 181 kg ha−1 N (+59 kg ha−1 N as
compared with the NPK treatments). According to the data, the combined application of
FYM and NPK did not bring any massive improvement in yields as compared with NPK
or FYM applied alone, showing that maximum yielding potential of the sugar beet was
reached under local soil-climate conditions. According to [8], the maximum yield potential
of sugar beet in Europe is between 110 and 150 t ha−1 (calculations based on [7]), and
around 80 t ha−1 in Poland, but the farmers’ share of the actual yields is only 50 or 60% of
that value.

According to the MANOVA results, both, beetroot and top yields were mainly affected
by the weather conditions, while the effect of the fertilizer treatment was minor. This was
mainly due to the extraordinary dry year in 2018. There is an increasing number of
dry years and their frequent occurrence and weather instability, generally, are associated
with the current global change in climate conditions. These extreme years should not
be surprising in the coming period. The farmers in Europe are already adapting their
approaches to this fact by selecting other crop varieties and species and adjusting the
timing of cultivation [37].
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A slightly different situation is found in the case of soil parameters. Application of
NPK without organic manures resulted in generally lower pH values as compared with
the control and FYM treatments (Table 7). The applications of FYM + NPK treatments
resulted in between these two groups, which mean that FYM reduces the negative impact
of NPK on soil pH. The same results were published by [24,38]. By affecting the value of
the soil pH, organic manures also modify the environment for and activity of the microbial
community in the soil [24], and the availability of nutrients. The concentration of soil N
was not affected significantly by the fertilizer treatment, only high doses of applied mineral
N (FYM + NPK4) resulted in significantly higher N concentration as compared with the
control. In the case of P and K, the highest concentrations of both elements were recorded in
FYM + NPK treatments, The combination of FYM with NPK significantly increased the soil
C content. This result is in agreement with the results published by [24,39,40]. On the one
hand, application of mineral fertilizers without manures can decrease soil carbon content
when the C inputs to the soil from arable crops (including straw, roots, and post-harvest
residues) are lower than the C decomposed by the soil microbial community. On the
other hand, organic manures contain organic matter that directly affects the physiological,
chemical, and biological properties of the soil. From this point of view, the combined
application of FYM and mineral fertilizers results in maintaining soil fertility and is a
sustainable approach to soil care [24,26,39].

5. Conclusions

The decisive factors determining sugar beet beetroot and top yield were weather
conditions. During the years with relatively good (2016) and good (2017) conditions,
the beetroot and top yield was on average 70 t ha−1 and 28.7 t ha−1, respectively. In the
extraordinary dry year of 2018, the average beetroot and top yield decreased to 44 t ha−1

and 12 t ha−1, respectively.
The application of FYM at a dose of 21 t ha−1 significantly increased the beetroot and

top yield, if we evaluate the entire period (2016–2018). In individual years, we recorded a
significant difference only in the case of beetroots, in 2016. In general, the yields with FYM
treatment were always higher than in the case of the non-fertilized control.

The application of mineral fertilizers significantly increased beetroot and top yield
as compared with the unfertilized control. According to the results of the linear-plateau
model, a suitable N dose is 112 kg ha−1 with a corresponding yield of 66 t ha−1. This
model took into account the average yields of years including standard and unsuitable
climatic conditions.

In the case of the joint application of FYM and NPK, we did not record a significant
increase in yield as compared with NPK applied alone.

The sugar content and the concentration of chemical elements in the beetroots and the
tops were not significantly affected by the fertilization treatment, except for slightly higher
concentrations of P in the tops.

The application of NPK in the soil resulted in lower pH values than we observed in the
control and FYM treatments. The combined application of FYM and NPK slightly reduced
the negative impact of NPK on soil pH. The application of NPK, FYM, and especially the
combination of NPK and FYM significantly increased the content of Corg, P, and K in
the soil.
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Abstract: Farmers must adapt to the changes brought about by the changing climate and market
requirements. These adaptations are associated with fertilization—the availability of organic manures
and mineral fertilizers and crop rotations. What is the effect of organic manures on wheat and
soil? Is it necessary to apply mineral phosphorus P and potassium (K) fertilizers to the wheat?
These questions are frequently asked in workshops in different growing areas. To provide a relevant
answer on this issue, we evaluated how farmyard manure (FYM), mineral nitrogen (N) applied
without phosphorus (P) and potassium (K) fertilizers, and application of NPK affected grain yield,
grain quality, and soil properties under different soil-climate conditions (Ivanovice—Chernozem,
Caslav—Phaeozem, Lukavec—Cambisol) between 2015 and 2018. The FYM significantly increased
grain yield even after three years since being applied and incorporated into the soil in all localities, but
its application didnot affect grain quality. In the soil, the FYM significantly increased total nitrogen
Nt, P, and K content in all localities and oxidable carbon Cox content in two localities. Mineral
nitrogen significantly affected grain yield and quality and increased concentrations of soil N and C,
but decreased pH in Caslav. Application of mineral P and K wasnot connected with a positive effect
on grain yield and quality, but increased the concentration of these elements in the soil, preventing
depletion of these elements from the soil. Maximal yields were recorded when 70–98 kg N ha−1 was
applied in Ivanovice, 55–72 kg N ha−1 in Caslav, and 155 kg N ha−1 in Lukavec.

Keywords: Triticum aestivum L.; farmyard manure; mineral fertilizers; crude protein content; soil
properties, site-specific requirements

1. Introduction

Farmers have recently been exposed to many pressures and challenges that affect their decisions
and activities. These pressures and challenges arise from currently changing climatic conditions,
increased public awareness of the environment, the development on the market with meat and dairy
products, new technologies, and financial possibilities of farmers themselves. As a reaction, we can see
a huge shift from the traditional approaches of farmers, who are responsible for food and feedingstuff
production and maintaining the function of the landscape. Such examples in the Czech Republic are
a two-thirds decline in numbers of animals over the last two decades and changes in crop rotations
connected with increased biogas production [1], a decline in production of organic manures, decline
in doses of applied mineral phosphorus and potassium (Figure 1), and worsening of the soil organic
matter quality in Chernozems [2].
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Figure 1. The mean doses of mineral N, P, and K applied on arable land in the Czech Republic.

The source of organic manures is significantly limited, because animal husbandry production
decreased significantly since 1989 (the Velvet revolution, the transformation of the society from centrally
planned economy into the market economy), and this trend continued when the Czech Republic joined
the European Union (EU) [3]. Mineral P and K fertilizers are not applied in a sufficient amount owing
to the high purchase prices, and crop rotations were adjusted to supply agricultural biogas stations.
Moreover, with reduced animal husbandry, the need for clover and other grasses decreased, so their
position in crop rotation was replaced.

Another challenge significantly affecting the behaviour and decision making of farmers
representsupcoming weather change and weather instability. According to Olesen et al. [4], the farmers
in Europe adapt to climate change by changing the timing of cultivation, and by selecting other crop
species and cultivars.

In workshops with farmers, we often encounter questions about wheat fertilization and current
weather changes. What are the benefits of organic manure? What will be the result of omitting P and K
fertilizers? What dose of nitrogen should we choose? From the literature, we know that nitrogen is the
most crucial element for wheat [5,6] and addition of mineral N was and is a standard way for securing
high yields and grain quality of wheat. In the past, “the more fertilizer, the higher yield” strategy [7],
which is characteristic by application of N doses greater than the crops need, led to the inefficiency and
environmental problems and farmers and scientists focused on optimization of mineral fertilizer inputs.
This optimizations depend on many factors, mainly on soil-climate conditions, so such optimization
differs site by site [7,8]. Another issue represents the application of P and K fertilizers. Is it necessary?
According to Duncan et al. [6], the co-application of P, K, and sulfur fertilizers increases the N efficiency
and helps to achieve higher yields with higher protein content via “protection against protein dilution
as yields increase”. These questions are based on the above-mentioned issues. To answer some of these
questions, we analysed suitable fertilizer treatments and the 4-year sequence (2015–2018) from the three
long-term field experiments, established in the Czech Republic in 1955. In this paper, we evaluated the
effect of seven different fertilizer treatments (control, farmyard manure—FYM, FYM+N1, FYM+N2,
FYM+N1PK, FYM+N2PK, FYM+N3PK) and soil-climate conditions on the winter wheat grain yield
and quality. The effect of different fertilization regimes on soil nutrient content and soil properties was
also analysed in this study.
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2. Materials and Methods

The long-term field fertilizer trials in Ivanovice, Caslav, and Lukavec were established in 1955.
The trials aim to analyse the effect of different fertilizer treatments on yield and quality of arable crops
and soil chemical properties under different soil-climate conditions.

2.1. Characteristics of Localities

2.1.1. Ivanovice

Ivanoviceis located in the South Moravia Region (49◦19′ NL, 17◦05′ EL), the altitude is 225 m
a.s.l. The soil is naturally fertile, the soil type is degraded Chernozem, and the soil-forming substrate
is loess. The topsoil is dark brown, with an average depth of 40 cm. The content of humus is
approximately 4.39%. The climate is warm and dry, with mild winters. The average temperature is
9.14 ◦C (1969–2019), and the average annual sum of precipitation is 542 mm (Ivanovice Meteorological
Station, measurements 1969–2019).

2.1.2. Caslav

Caslavis located in the Central Bohemian Region (49◦85′ NL, 15◦40′ EL), the altitude is 263 m a.s.l.
The soil type is greyic Phaeozem. The topsoil average depth is 40–50 cm, deeper layers (80 cm) are
sandy. The content of humus is approximately 2.98%. The climate is moderately warm and dry, with
mild winters. The average annual temperature is 9.3 ◦C, and the average sum of precipitation is
572 mm (Caslav Meteorological Station, measurements 1974–2019).

2.1.3. Lukavec

Lukavecis located in the Vysočina Region (49◦34′ NL, 14◦59′ EL), the altitude is 620 m a.s.l.
The soil type is sandy-loamy Cambisol. The topsoil average depth is 20 cm, with approximately 52%
of sand, 20% of clay, and 28% of silt. The climate is moderately warm and humid. The average annual
temperature is 7.7 ◦C, and the average annual sum of precipitation is 688 mm (Lukavec Meteorological
Station, measurements 1969–2019).

2.1.4. Weather Course

The average monthly temperatures and the sum of precipitation at the time of the experiment are
shown in Tables 1 and 2. Values below 30% of the long-term normal (warmer, less precipitation) are
marked in yellow, while values 30% above the long-term normal (colder, more precipitation) are marked
in green. From this point of view, we recorded that January, February, November, and December
were significantly warmer in all localities compared with the long-term average. For precipitation, we
recorded a significant lack of precipitation throughout the year in Ivanovice. Precipitations in Lukavec
and Čáslav were also below average, especially from February to April 2015 and 2018 (Lukavec), and
in May (Caslav).
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Table 1. The mean monthly temperatures (◦C). Yellow marked values are more than 30% below
the long-term normal in the area, while green marked values are more than 30% higher than
long-term normal.

I. II. III. IV. V. VI. VII. VIII. IX. X. XI. XII.

Ivanovice
2015 1.1 0.9 4.8 9.5 13.8 17.7 21.6 22.7 15.4 8.7 5.7 2.4 10.4
2016 −1.6 4.5 4.7 8.9 14.7 19.0 20.3 18.9 17.1 8.5 3.9 −0.8 9.8
2017 −6.2 0.8 7.3 8.6 15.2 20.2 20.6 21.3 13.8 10.2 4.5 1.6 9.8
2018 2.0 −2.7 2.0 14.4 17.9 19.4 21.5 23.0 16.3 11.2 5.4 1.6 11.0

Caslav
2015 2.5 1.5 5.5 9.4 13.8 17.2 21.8 23.2 14.7 9.0 7.3 5.7 11.0
2016 0.1 4.5 4.6 9.1 14.9 18.8 20.3 19.1 18.0 8.8 3.7 0.8 10.2
2017 −4.5 2.3 7.5 8.5 15.5 19.6 20.1 20.4 13.0 11.0 5.1 2.5 10.1
2018 3.3 −2.0 2.5 14.2 17.5 19.1 22.0 23.1 16.4 14.6 5.3 2.6 11.6

Lukavec
2015 0.0 −1.2 3.2 6.9 11.5 15.3 19.7 20.5 12.2 6.9 5.2 3.8 8.7
2016 −1.5 2.1 2.3 6.9 12.2 16.3 17.9 16.6 15.3 6.2 1.8 −1.2 7.9
2017 −6.1 0.6 5.2 5.8 13.0 17.4 17.8 18.5 11.0 9.1 2.9 −0.2 7.9
2018 1.1 −4.9 −0.1 12.2 15.0 16.5 18.7 20.3 14.2 9.3 3.1 0.6 8.8

Table 2. The mean monthly precipitation (mm). Yellow marked values are more than 30% below
the long-term normal in the area, while green marked values are more than 30% higher than
long-term normal.

I. II. III. IV. V. VI. VII. VIII. IX. X. XI. XII.

Ivanovice
2015 21.8 5.4 39.2 17.9 34.8 77.1 28.0 83.7 23.9 27.7 22.1 5.4 387.0
2016 15.9 61.1 17.6 43.1 36.0 27.6 108.8 42.7 14.3 43.1 30.4 7.3 447.0
2017 15.6 8.3 20.0 38.9 25.6 41.6 71.8 35.2 67.7 23.5 29.9 12.8 390.9
2018 38.0 22.6 36.2 20.2 27.6 52.2 43.6 22.0 65.4 24.6 17.2 18.0 387.6

Caslav
2015 38.5 6.3 35.0 17.2 62.3 59.6 23.3 51.4 18.6 42.5 68.7 19.0 442.4
2016 23.5 32.1 35.6 26.1 39.2 82.7 93.2 40.9 7.4 57.4 22.3 13.0 473.4
2017 28.1 15.2 33.6 95.9 40.6 84.0 93.2 65.9 59.7 80.0 58.3 40.2 694.7
2018 40.5 27.3 40.6 14.7 32.8 48.7 23.5 24.1 54.9 39.6 17.4 55.8 420.0

Lukavec
2015 54.9 7.9 24.2 23.5 55.6 62.6 20.8 94.3 24.4 75.4 113.6 18.9 576.1
2016 30.8 48.2 41.0 32.0 89.3 58.4 110.5 22.8 16.4 79.7 32.1 39.3 600.5
2017 30.1 33.3 68.4 102.1 33.0 66.0 135.4 67.1 35.0 110.1 51.6 44.8 776.9
2018 34.1 16.1 30.1 7.2 51.5 65.7 43.6 38.9 78.3 42.8 22.9 78.1 509.3

2.2. Field Trial Description

The design and methodology of all three trials (in three localities) are equal. The trial consists
of four fields, where twelve fertilizer treatments are applied and analysed (twelve treatments per
one field) in randomized complete block design. Each fertilizer treatment is replicated four times
(12 × 4 = 48 experimental plots per one field). The size of one experimental plot is 64 m2 (8 × 8 m).

Out of twelve fertilizer treatments, seven treatments are evaluated in this paper: (1) the unfertilized
control (control); (2) farmyard manure (FYM); (3–4) farmyard manure applied with mineral nitrogen
(FYM+N1; FYM+N2); and (5–7) farmyard manure applied with mineral nitrogen, phosphorus,
and potassium (FYM+N1PK; FYM+N2PK; FYM+N3PK). The doses of applied farmyard manure
and mineral fertilizers are shown in Table 3. Mineral nitrogen was applied as lime ammonium
nitrate, the mineral phosphorus as granulated superphosphate, and potassium as potassium chloride.
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The FYM and mineral fertilizers were spread by hand. Applied FYM (cattle farmyard manure from
local farmers) was incorporated into the soil within 24 h after application. The FYM was in the crop
rotation applied to the maize, three years before the wheat was sown (2012—maize, 2013—spring
barley, 2014—winter rapeseed, 2015—winter wheat), so winter wheat was the fourth crop following
the FYM application. If the FYM and mineral fertilizers were applied together, mineral fertilizers
were applied first (the case of maize in the crop rotation, no FYM was applied to spring barley, winter
rapeseed, and winter wheat). The dose of FYM, applied to the maize, was 40 t ha−1 (approximately
200 kg N ha−1, 56 kg P ha−1, and 236 kg K ha−1). Because winter wheat was sown three years after the
FYM was applied, we estimate that the total amount of available nutrients from FYM to wheat was 5%
(10 kg N ha−1, 3 kg P ha−1, and 12 kg K ha−1) (for further information, see Section 4.4.).

Table 3. Doses of N, P, and K (kg ha−1) applied in selected fertilizer treatments. FYM, farmyard manure;
N, mineral nitrogen; P, phosphorus; K, potassium.

N P K

Control 0 0 0
FYM 10 3 12

FYM+N1 (10)+40 (3)+0 (12)+0
FYM+N2 (10)+80 (3)+0 (12)+0

FYM+N1PK (10)+40 (3)+60 (12)+60
FYM+N2PK (10)+80 (3)+60 (12)+60
FYM+N3PK (10)+120 (3)+60 (12)+60

Note: values in parentheses represent the amount of nutrients mineralised from manure.

Mineral nitrogen was applied in the autumn before the wheat was sown (40 kg N ha−1, N1, N2,
and N3 treatments), during the beginning of the spring for regeneration (40 kg N ha−1, N2 and N3
treatments, late February, beginning of March), and during the May to support the grain production
(40 kg N ha−1, N3 treatment). The P and K fertilizers were applied during the autumn, before the
wheat was sown.

Winter wheat cultivar, sown between 2014/2015 and 2017/2018, was Julie (Selgen a.s., Sibřina,
the Czech Republic). It is a short straw cultivar offering high yields in all cropping areas, high frost
resistance, offering class “E” (elite) grain quality, and a high volume of bakery products. Wheat was
sown in October (according to the climate conditions), the depth of sowing ranged from three to four
cm, the row spacing was 12.5 cm, and the sowing rate was 400 seeds per m2. Pesticides were used
during the experiments if necessary, while growth regulators havenot been introduced and applied.
The harvest was done during the right BBCH stage, and was performed by the HEGE 180 (Hege
Maschinen GmbH, Lichtenstein, Germany) in Ivanovice, Sampo Rosenlew 2010 (Sampo Rosenlew
Ltd., Pori, Finland) in Caslav, and by Seedmaster Universal, Wintersteiger (Ried im Innkreis, Austria)
in Lukavec.

2.3. Grain Quality Analyses

The crude protein content (CPC) was analysed according to the Kjeldahl method [9] (ČSN EN ISO
20483). The Zeleny’s sedimentation test (ZST) was analysed according to the ČSN ISO 5529. Owing to
the different issues, the quality parameters (CPC, ZST) from the Caslav were analysed only in grain
from seasons 2015 and 2018.

2.4. Data Analyses

To compare the effect of fertilizer treatment and year on grain yield, grain quality, and soil chemical
composition, we used analysis of variance (ANOVA) and multivariate analysis of variance MANOVA,
followed by a post-hoc analysis performed by Tukey’s HSD test (Statistica 13.3, TIBCO Software,
Palo Alto, CA, USA). To analyse and visualize the relationships between fertilizer treatments, years,
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and soil chemical properties, we used principal component analysis (PCA), performed byAnalyse-it
software (Analyse-it 5.30, Analyse-it Software, Ltd., Leeds, UK).

2.5. Soil Analyses

The soil chemical properties were analyzed at the beginning (2015) and in the end (2018) of
the analyzed period. The soil samples were taken from the upper Ap horizons (0–30 cm) using
the soil probe. Four soil samples were taken from each fertilizer treatment. The soil reaction was
analyzed potentiometrically in 50 mL of 0.2 mol KCl(inoLab pH 730, Xylem Analytics-WTW, Weilheim,
Germany). The soil organic carbon (SOC) content was measured according to [10,11]. The soil nitrogen
content was analyzed using the sulfuric acid in the heating block (Tecator Inc., Hoganas, Sweden),
followed by the Kjeldahl method [9]. The soil phosphorus, potassium, calcium, and magnesium were
extracted by Mehlich III solution [12], followed by ICP–OES analysis (Thermo Scientific iCAP 7400
Duo, Thermo Fisher Scientific, Cambridge, UK).

3. Results

3.1. Effect of the FYM

Application of the FYM to the maize three years before wheat was sown (see the crop rotation
description in Section 2.2.) significantly affected average wheat yields in all experimental sites (Table 4).

Table 4. Comparison of average grain yields (t ha−1) as affected by locality, year, and fertilizer treatment.

2015 2016 2017 2018

Ivanovice

Control 3.79±0.20 Aa 4.48±0.10 Ab 5.14±0.19 Ac 4.37±0.07 Aab 4.44±0.14 A
FYM 4.32±0.14 Aa 5.00±0.10 Bb 5.74±0.19 Ac 4.93±0.12 Bb 5.00±0.14 B

Caslav

Control 5.87±0.14 Ad 5.31±0.06 Ac 4.48±0.13 Ab 3.83±0.09 Aa 4.87±0.21 A
FYM 6.60±0.21 Bc 5.91±0.08 Bb 5.10±0.15 Ba 4.98±0.06 Ba 5.65±0.18 B

Lukavec

Control 2.11±0.12 Aa 2.48±0.11 Aab 2.07±0.10 Aa 2.87±0.12 Ab 2.38±0.10 A
FYM 2.90±0.12 Bb 2.90±0.18 Ab 2.36±0.08 Aa 3.29±0.11 Bb 2.86±0.10 B

Mean values with the standard error of the mean SE, followed by the same letter (A vertically, a horizontally),
are not significantly different (α < 0.05).

The average grain yield increase between the control and FYM treatments ranged from 0.48 t ha−1

in Lukavec to 0.78 t ha−1 in Caslav. However, the highest percentage increase was recorded in Lukavec
(20%), followed by Caslav (16%) and Ivanovice (13%). The differences in average grain yieldswere
not achieved by the only application of the FYM, as the effect of the year also significantly affected
the compared grain yields. While the overall effect of the fertilizer treatment and weather conditions
on average yield was equal in Ivanovice (49% for fertilizer treatment; 51% for weather conditions)
and Caslav (47% for fertilizer treatment; 52% for weather conditions), the higher effect of the fertilizer
treatment was recorded in Lukavec (62% for fertilizer treatment; 35% for the weather conditions),
showing a lower fluctuation of grain yields between the years.

3.2. Effect of the Mineral N Applied without P and K Mineral Fertilizers

In comparison with the control, application of mineral N fertilizers applied without mineral P
and K fertilizers significantly increased the average grain yields in all experimental stations (Table 5).
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Table 5. Comparison of average grain yields (t ha−1) as affected by locality, year, and fertilizer treatment.

2015 2016 2017 2018

Ivanovice

Control 3.79±0.20 Aa 4.48±0.10 Ab 5.14±0.19 Ac 4.37±0.07 Aab 4.44±0.14 A
FYM+N1 7.30±0.10 Bb 7.79±0.17 Bc 7.53±0.09 Bbc 6.31±0.05 Ba 7.23±0.15 B
FYM+N2 8.87±0.29 Cc 9.08±0.12 Cc 7.28±0.14 Bb 6.00±0.14 Ba 7.81±0.33 C

Caslav

Control 5.87±0.14 Ad 5.31±0.06 Ac 4.48±0.13 Ab 3.83±0.09 Aa 4.87±0.21 A
FYM+N1 9.11±0.11 Cc 8.24±0.05 Bb 7.98±0.13 Bb 5.24±0.10 Ba 7.64±0.38 C
FYM+N2 7.88±0.23 Bb 8.50±0.06 Cc 7.75±0.11 Bb 4.87±0.11 Ba 7.25±0.37 B

Lukavec

Control 2.11±0.12 Aa 2.48±0.11 Aab 2.07±0.10 Aa 2.87±0.12 Ab 2.38±0.10 A
FYM+N1 4.76±0.12 Bbc 3.56±0.08 Ba 4.41±0.10 Bb 5.17±0.09 Bc 4.48±0.16 B
FYM+N2 6.94±0.26 Cb 5.20±0.11 Ca 5.38±0.36 Ca 5.63±0.20 Ba 5.79±0.21 C

Mean values with SE, followed by the same letter (A vertically, a horizontally), are not significantly different
(α < 0.05).

The average grain yield increase was 2.79 t ha−1 (+63%) for FYM+N1 treatment and 3.37 t ha−1

(+76%) for FYM+N2 treatment in Ivanovice. The effect of the fertilizer treatment on overall grain
yields was dominant (86%) when compared with the effect of the season (9%). The difference between
FYM+N1 and FYM+N2 treatments was significant. According to the quadratic model, the maximum
grain yield was reached at FYM+70 kg N ha−1 (Figure 2a).

Figure 2. The average wheat grain yield as affected by fertilizer treatment ((a)—control, FYM+N1,
FYM+N2; (b)—control, FYM+N1PK, FYM+N2PK, FYM+N3PK), and locality over the period 2015–2018.

3.3. Grain Quality

In Caslav, the average grain yield increase, following the application of mineral N, was lower
than in Ivanovice. The average grain yield increase was 2.77 t ha−1 (+57%) for FYM+N1 treatment
and 2.38 t ha−1 (+49%) for FYM+N2 treatment. The overall grain yields were affected by fertilizer
treatment by 61%, while the effect of the season represents 37%. The difference between FYM+N1 and
FYM+N2 treatments was significant. According to the quadratic model, the maximum grain yield was
reached at FYM+55 kg N ha−1 (Figure 2a).

In Lukavec, the average grain yield increase, following the application of mineral N, was the
highest out of all experimental stations. The average difference between the control and FYM+N1 was
only 2.10 t ha−1, but expressed as a percentage, it represents an 88% increase. Comparing the control
and FYM+N2 treatments, the average grain yield increase was 3.41 t ha−1, representing a 143% increase.
The effect of the fertilizer treatment was, as in the case of Ivanovice, dominant (93%), while the effect
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of the season was marginal (4%). The difference between FYM+N1 and FYM+N2 treatments was
significant. According to the quadratic model, the maximum grain yield was reached at FYM+155 kg
N ha−1 (Figure 2a).

3.4. Effect of the Mineral N Applied with P and K Mineral Fertilizers

In comparison with the control, application of mineral NPK significantly increased average grain
yields in all experimental stations (Table 6).

Table 6. Comparison of average grain yields (t ha−1) as affected by locality, year, and fertilizer treatment.

2015 2016 2017 2018

Ivanovice

Control 3.79±0.20 Aa 4.48±0.10 Ab 5.14±0.19 Ac 4.37±0.07 Aab 4.44±0.14 A
FYM+N1PK 7.38±0.05 Bb 7.53±0.16 Bb 7.56±0.09 Bb 6.19±0.15 Ba 7.16±0.16 B
FYM+N2PK 9.26±0.11 Cc 9.03±0.14 Cc 7.50±0.21 Cb 5.99±0.29 Ba 7.95±0.35 C
FYM+N3PK 9.98±0.12 Dc 9.61±0.15 Cc 6.68±0.15 Cb 5.76±0.14 Ba 8.01±0.47 C

Caslav

Control 5.87±0.14 Ad 5.31±0.06 Ac 4.48±0.13 Ab 3.83±0.09 Aa 4.87±0.21 A
FYM+N1PK 8.79±0.36 Bb 8.00±0.04 Cb 7.96±0.12Cb 5.83±0.10 BCa 7.64±0.30 C
FYM+N2PK 8.71±0.25 Bc 8.27±0.11 Cc 7.28±0.21BCb 5.99±0.08 Ca 7.56±0.28 C
FYM+N3PK 6.21±0.46 Aab 6.72±0.16 Bb 6.70±0.19 Bb 5.56±0.13 Ba 6.29±0.17 B

Lukavec

Control 2.11±0.12 Aa 2.48±0.11 Aab 2.07±0.10 Aa 2.87±0.12 Ab 2.38±0.10 A
FYM+N1PK 4.76±0.33 Bab 4.06±0.04 Ba 4.79±0.21 Bab 5.31±0.17 Bb 4.73±0.15 B
FYM+N2PK 6.68±0.31 Ca 5.82±0.31 Ca 6.39±0.30 Ca 5.94±0.27 Ba 6.21±0.16 C
FYM+N3PK 8.33±0.25 Db 7.45±0.49 Dab 7.37±0.26 Dab 6.83±0.25 Ca 7.49±0.20 D

Mean values with SE, followed by the same letter (A vertically, a horizontally), are not significantly different
(α < 0.05).

In comparison with the control, the average grain yield increase varied from 2.72 t ha−1 (+61%,
FYM+N1PK) to 3.57 t ha−1 (+80%, FYM+N3PK) in Ivanovice. The effect of fertilizer treatment on
average grain yield was marginal (69%), while the season conditions affected average grain yields
by 23%. No significant differences were recorded between FYM+N2PK and FYM+N3PK treatments.
According to the quadratic model, the highest grain yield was achieved at FYM+98 kg N ha−1

(Figure 2b).
The lowest average grain yield increase, when compared with the control, was recorded in Caslav,

ranging from 1.42 t ha−1 (+29%, FYM+N3PK) to 2.77 t ha−1 (+57%, FYM+N2PK). The effect of the
fertilizer treatment on average grain yield was 62%, while the effect of the season was 36%. The highest
grain yields were recorded in FYM+N1PK (7.64 t ha−1) and FYM+N2PK (7.56 t ha−1) treatments
(without significant differences between these two treatments). According to the quadratic model, the
highest grain yield was achieved at FYM+72 kg N ha−1 (Figure 2b).

The average grain yield increase in Lukavec ranged from 2.35 t ha−1 (+99%, FYM+N1PK) to
5.11 t ha−1 (+215%, FYM+N3PK). The factor “fertilizer treatment” dominantly affected the average
grain yield (98%). According to the quadratic model, the highest grain yield ought to be achieved at
FYM+155 kg N ha−1 (Figure 2b).

3.4.1. Ivanovice

The CPC was significantly affected by year (p < 0.001), fertilizer treatment (p < 0.001), and their
interaction (p < 0.001). The most dominant factor influencing the CPC was fertilizer treatment (97%).
The average CPC ranged from 8.1% (control) to 14.5% (FYM+N3PK) (Table 7). No differences between
the control and FYM treatments were recorded. The year to year differences were significant in the
FYM and FYM+N3PK treatments, especially in the FYM+N3PK treatment, showing a fluctuation
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based on the weather conditions of the season. However, the contribution of this factor was small
when compared with the effect of fertilizer treatment (Table 7).

Table 7. The average crude protein content (CPC) (%) and the value of Zeleny’s sedimentation test
(ZST) (mL) of wheat grain as affected by locality, fertilizer treatment, and the year.

2015 2016 2017 2018

Ivanovice

CPC (%)

Control 7.9±0.1 Aa 8.3±0.1 Aa 8.1±0.1 Aa 8.1±0.2 Aa 8.1±0.1 A
FYM 8.1±0.1 Aa 8.7±0.1 Ab 8.0±0.2 Aa 8.3±0.2 Aab 8.3±0.1 A

FYM+N3PK 13.1±0.3 Ba 13.3±0.3 Ba 15.3±0.4 Bb 16.4±0.2 Bb 14.5±0.4 B

ZST (mL)

Control 15.5±0.6 Aa 20.0±0.7 Ac 16.8±0.6 Aab 18.3±0.5 Abc 17.6±0.5 A
FYM 15.8±0.6 Aa 20.0±0.4 Ab 16.5±0.3 Aa 19.3±0.5 Ab 17.9±0.5 A

FYM+N3PK 44.3±2.5 Ba 55.0±1.1 Bb 59.5±1.2 Bbc 67.0±2.0 Bc 56.4±2.3 B

Caslav

CPC (%)

Control 8.2±0.1 A n.a. n.a. 10.3±0.1 A 9.3±0.4 A
FYM 8.3±0.3 A n.a. n.a. 10.3±0.4 A 9.3±0.4 A

FYM+N3PK 14.0±0.2 B n.a. n.a. 12.9±0.8 B 13.4±0.4 B

ZST (mL)

Control 16.8±0.6 A n.a. n.a. 30.5±1.2 A 23.6±2.7 A
FYM 18.0±0.6 A n.a. n.a. 30.8±2.1 A 24.4±2.6 A

FYM+N3PK 48.5±1.2 B n.a. n.a. 52.3±8.0 B 50.4±3.8 B

Lukavec

CPC (%)

Control 9.4±0.2 Ab 8.6±0.2 Aa 8.1±0.1 Aa 8.6±0.2 Aa 8.7±0.1 A
FYM 8.9±0.1 Ab 8.9±0.1 Ab 8.1±0.1 Aa 9.2±0.2 Bb 8.8±0.1 A

FYM+N3PK 11.2±0.4 Bab 10.2±0.2 Ba 12.2±0.2 Bbc 13.0±0.1 Cc 11.6±0.3 B

ZST (mL)

Control 19.0±0.8 Ab 18.3±0.9 Ab 14.8±0.3 Aa 17.0 Aab 17.3±0.5 A
FYM 18.8±0.5 Ab 19.0±0.6 Ab 15.0±0.4 Aa 18.3±0.5 Ab 17.8±0.5 A

FYM+N3PK 34.3±2.5 Aab 30.3±1.5 Ba 37.0±3.1 Bab 43.0±1.2 Bb 36.1±1.6 B

Mean values with SE, followed by the same letter (A vertically, a horizontally), are not significantly different
(α < 0.05). n.a.—results not available.

The value of ZST developedsimilarly as the CPC. The average values ranged from 17.6 mL
(control) to 56.4 mL (FYM+N3PK) (Table 7). The major factor affecting the ZST was fertilizer treatment
(97%). No differences between the control and FYM treatments were recorded. The value of ZST
fluctuated from year to year in the same treatment, but the generaleffect of this factor was negligible in
comparison with the fertilizer treatment.

3.4.2. Caslav

The CPC was significantly affected by year (p < 0.01), fertilizer treatment (p < 0.001), and their
interaction (p < 0.01). The major factor influencing the CPC was fertilizer treatment (80%), followed by
the year (10%) and their interaction (10%). The average CPC ranged from 9.3% (control, FYM) to 13.4%
(FYM+N3PK) (Table 7).

The value of ZST was significantly affected by year (p < 0.01), fertilizer treatment (p < 0.001),
and their interaction (p < 0.01). The major factor influencing the ZST value was fertilizer treatment
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(73%), followed by the year (24%) and their interaction (3%). The average ZST values ranged from
24 mL (control, FYM) to 50 mL (FYM+N3PK) (Table 7).

3.4.3. Lukavec

The CPC was significantly affected by the year, fertilizer treatment, and their interaction (p < 0.001).
The dominant factor influencing the CPC in Lukavec was fertilizer treatment (93%). The average CPC
ranged from 8.7% (control) to 11.6% (FYM+N3PK) (Table 7).

The ZST value was significantly affected by year, fertilizer treatment, and their interaction
(p < 0.001), mainly by the fertilizer treatment (95%). The mean values ranged from 17.3 mL (control) to
36.1 mL (FYM+N3PK) (Table 7).

3.5. Soil Chemical Properties

The effects of fertilizer treatments on soil chemical properties are shown in Tables 8–10 and
the relationship between the parameters, localities, and fertilizer treatments are shown in Figure 3.
The value of pH was not affected by any treatment in Ivanovice (Chernozem) and Lukavec (Cambisol).
On the other hand, the application of mineral fertilizers significantly decreased the soil pH value
in Caslav (Phaeozem). Application of all fertilizers significantly increased the Nt (%) and Cox(%)
in all localities. The same pattern can be seen in the case of P (mg kg−1) and K (mg kg−1). Only in
Lukavec, we did not record any differences in P and K concentrations between the control, FYM+N1,
and FYM+N2 treatments. The concentration of Ca (mg kg−1) was not affected by any treatment,
except for low, but significant differences in Caslav (Control and FYM+NPK treatments). On the other
hand, the Mg (mg kg−1) content varied significantly in Ivanovice and Caslav, while no fluctuation was
recorded in any fertilizer treatment in Lukavec.

Figure 3. The relationships between soil chemical properties as affected by locality (I—Ivanovice,
C—Caslav, L—Lukavec), fertilizer treatment, and year (15—2015, 18—2018).
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Table 8. The pH;Nt; Cox; and content of P, K, Ca, and Mg, as affected by fertilizer treatment in Ivanovice.

Ivanovice

pH/KCl Nt (%) Cox (%)
P

(mg kg−1)
K

(mg kg−1)
Ca

(mg kg−1)
Mg

(mg kg−1)

Control 6.87±0.03A 0.19±0.01A 1.70±0.02A 97±6A 203±10A 4437±121A 198±3A
FYM 6.90±0.03A 0.23±0.01B 1.96±0.03B 159±12B 306±19B 4334±74A 217±6B

Control 6.87±0.03A 0.19±0.01A 1.70±0.02A 97±6A 203±10A 4437±121A 198±3A
FYM+N1 6.78±0.04A 0.22±0.01B 1.97±0.03B 153±17B 282±26B 4358±142A 235±9B
FYM+N2 6.83±0.03A 0.24±0.01C 2.03±0.04B 136±10AB 275±20B 4376±100A 232±7B
Control 6.87±0.03A 0.19±0.01A 1.70±0.02A 97±6A 203±10A 4437±121A 198±3A

FYM+N1PK 6.82±0.03A 0.23±0.01B 2.00±0.04B 205±13B 410±36B 4193±85A 226±5B
FYM+N2PK 6.78±0.02A 0.23±0.01B 1.99±0.03B 204±12B 379±30B 4201±97A 225±4B
FYM+N3PK 6.80±0.02A 0.24±0.01B 2.02±0.03B 187±12B 362±31B 4334±68A 242±8B

Mean values with SE, followed by the same letter (A vertically, a horizontally), are not significantly different
(α < 0.05). n.a.—results not available.

Table 9. The pH; Nt; Cox; and content of P, K, Ca, and Mg, as affected by fertilizer treatment in Caslav.

Caslav

pH/KCl Nt (%) Cox (%)
P

(mg kg−1)
K

(mg kg−1)
Ca

(mg kg−1)
Mg

(mg kg−1)

Control 6.72±0.02A 0.13±0.01A 1.16±0.04A 47±4A 107±3A 2876±23A 118±7A
FYM 6.69±0.05A 0.14±0.01B 1.19±0.02A 73±5B 129±5B 2917±30A 135±6A

Control 6.72±0.02B 0.13±0.01A 1.16±0.04A 47±4A 107±3A 2876±23A 118±7A
FYM+N1 6.65±0.01AB 0.16±0.01B 1.34±0.04B 73±10B 122±4B 2912±35A 161±3B
FYM+N2 6.68±0.03A 0.15±0.01B 1.29±0.01B 67±3AB 122±1B 2895±24A 154±6B
Control 6.72±0.02C 0.13±0.01A 1.16±0.04A 47±4A 107±3A 2876±23B 118±7A

FYM+N1PK 6.54±0.02A 0.16±0.00B 1.34±0.02B 171±5B 210±16B 2824±17AB 131±4AB
FYM+N2PK 6.51±0.01A 0.17±0.01B 1.38±0.02B 184±2B 237±5B 2746±39A 151±11AB
FYM+N3PK 6.61±0.01B 0.17±0.01B 1.42±0.03B 172±4B 213±14B 2810±18AB 163±11B

Mean values with SE, followed by the same letter (A vertically, a horizontally), are not significantly different
(α < 0.05). n.a.—results not available.

Table 10. The pH; Nt; Cox; and content of P, K, Ca, and Mg, as affected by fertilizer treatment in Lukavec.

Lukavec

pH/KCl Nt (%) Cox (%)
P

(mg kg−1)
K

(mg kg−1)
Ca

(mg kg−1)
Mg

(mg kg−1)

Control 5.77±0.04A 0.19±0.01A 1.44±0.05A 42±3A 125±9A 2055±31A 117±6A
FYM 5.86±0.06A 0.21±0.01B 1.67±0.05B 79±12B 169±5B 2079±42A 123±4A

Control 5.77±0.04A 0.19±0.01A 1.44±0.05A 42±3A 125±9A 2055±31A 117±6A
FYM+N1 5.79±0.05A 0.22±0.01B 1.70±0.04B 45±6A 147±7A 2098±50A 115±4A
FYM+N2 5.71±0.05A 0.22±0.01B 1.70±0.04B 37±2A 145±6A 2020±48A 108±5A
Control 5.77±0.04A 0.19±0.01A 1.44±0.05A 42±3A 125±9A 2055±31A 117±6A

FYM+N1PK 5.78±0.07A 0.22±0.01B 1.80±0.06B 193±16B 207±11B 2030±42A 111±4A
FYM+N2PK 5.79±0.05A 0.22±0.01B 1.79±0.06B 167±12B 183±10B 2056±37A 105±3A
FYM+N3PK 5.68±0.06A 0.22±0.01B 1.78±0.05B 173±9B 180±4B 2001±30A 114±5A

Mean values with SE, followed by the same letter (A vertically, a horizontally), are not significantly different
(α < 0.05). n.a.—results not available.

4. Discussion

4.1. Effect of the FYM

The effect of manure application on grain yield was significantly visible in all three localities with
different soil-climatic conditions even three years after its incorporation into the soil. The differences in
grain yield between the control and FYM treatments have not always been significant in particular
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years (Table 4). However, the average grain yields in the FYM treatment have always been higher in
comparison with the control, whenthe wholetime period was evaluated (2015–2018). By comparing all
three localities, we find that the greatest benefit of manure manifested itself in Lukavec (+20% mean
grain yield increase in comparison with the control), followed by Caslav (+15%) and Ivanovice (+12%).
In general, farmyard manure efficiency wasslightly higher in the locality with poorer soil type andmore
humid climatic conditions and decreased on higher quality soils.The positive effect of the farmyard
manure on the yield of arable crops three years after the manure applicationwas also recorded by [13],
who analyzed the effect of mineral fertilizers and organic manures in the long-term fertilizer experiment
in Switzerland. Application of the FYM affected not only yields (Table 4), but also the soil chemical
properties (Tables 8–10), so the effect of the FYM was two-sided and both aspects synergized, resulting
in higher yields than in the control even three years after FYM application. The same conclusions
and explanations published [13] who recorded a higher SOC content in the soil treated with manure.
A 6.40% higher SOC content in the soil treated with manure, together with higher microbial biomass,
was also recorded by [14]. Positive influences on yields and soil properties of manure application
have also been published in the meta-analysis from China, provided by [15], who analyzed more
than 140 studies and more than 770 treatment comparisons.In our case, the soil fertilized with FYM
showed a significantly higher content of Nt and Cox (significantly higher in Ivanovice and Lukavec),
and a higher content of soil P and K (Tables 8–10). As the estimated amount of nutrients available
directly from the FYM to the wheat was relatively low in our case (5%), we incline to the fact that the
positive effect of manure consisted in the direct effect of released nutrients, which were mostly utilized
by pre-crops and partially by wheat, and also in influencing the microbial part, nutrients turnover,
and organic matter pool in soil. As we didnot perform the PLFA or other methods for evaluation of
soil microbial activity, we cannot confirm these suggestions directly, but are in an agreement with the
results of other researchers [16,17].

As mentioned above, the positive effect of the FYM on the wheat yield was significant in all
localities. The opposite was true for qualitative parameters.On the basis of our results, we know that
manure was able to provide nutrients and adjust soil conditions for higher yields of wheat grain
(Table 4), but this was not enough to affect the CPC and ZST (Table 7). Except for the climate conditions,
nitrogen is the most limiting factor for high CPC in the wheat grain [18,19]. From this point of view,
the application of manure cannot replace mineral fertilizers for the production of bread-making quality
grain, at least if wheat isnot fertilized with manure directly (which is not a common practise in the
Czech Republic). On the other hand, the effect of the FYM can be taken as an advantage if wheat is
produced for minor supply-chains (biscuit production) [19], or as the feedstuff.

4.2. The Effect of Mineral N

No wonder, application of mineral N directly to wheat significantly increased grain yield in all
localities. Nitrogen is considered as the wheat’s most important nutrient, and its addition positively
influences the root length and density, water uptake, above-ground biomass production [20], phenology
and leaf traits [21], and grain yield [22,23]. Focused on the site-specific nutrient management, Ivanovice
and Lukavec provided the highest yields in the FYM+N2 treatment, with the maximum yield at
70 kg N ha−1 in Ivanovice and 155 kg N ha−1 in Lukavec. On the other hand, Caslav provided
maximum yield in FYM+N1 treatment, and according to the quadratic model, the optimum dose
represents 55 kg N ha−1. This means that similar wheat yields can be harvested in all localities, but with
extremely different nitrogen rates. It also means that nitrogen fertilization ought to be adjusted to
the soil-climate conditions of the specific site—a single recommendation about the dose of mineral
nitrogen cannot be applied nationwide. This knowledge can thus save the farmer’s financial resources,
the number of field operations, and the environment, as the excess of mineral nitrogen fertilizers
applied to agricultural land is associated with negative impacts on soil nitrogen pool [24], leaching,
and groundwater nitrate contamination [25,26]. Focused on the soil properties, application of mineral
nitrogen significantly decreased the pH in Caslav, while no changes were recorded in Ivanovice and
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Lukavec (Tables 8–10). The soil nitrogen concentration was higher in all localities, as well as the Cox
content when compared with the control. Concentrations of P, K, and Mg were significantly higher
in Ivanovice and Caslav, while no differences were recorded in Lukavec. From this point of view,
the soil answer to N addition was similar in Ivanovice (Chernozem) and Caslav (Phaeozem)—these
soils were more sensitive to the addition of mineral N. Both soil types are almost comparable, both
represent the most fertile types in the Czech Republic, but Phaeozems are more prone to leaching
during the wet seasons and donot contain so many carbonates in the topsoil layer [27], as can be seen
in Tables 8 and 9. Another aspect is the soil buffering capacity against acidification, which is high in
the case of Chernozems and lower in Phaozems [28]. Lukavec (Cambisol) offers similar values of Nt
and Cox (even slightly higher)toCaslav, but the natural properties of the soil type in Lukavec are low
pH value, the soil is lighter, and with lower sorption capacity [28]. Together with colder weather, the
soil type creates a natural barrier that significantly affects wheat prosperity.

4.3. The Effect of Mineral N, P, and K

As with the effect of FYM+N, the application of mineral NPK fertilizers significantly increased
wheat yields. In Ivanovice and Lukavec, the grain yield increased with increasing N dose (Control <
FYM+N1PK < FYM+N2PK < FYM+N3PK). The difference between FYM+N2PK and FYM+N3PK
was not significant in Ivanovice, and maximal yield was reached with 98 kg N ha−1. This suggests
that we have reached the maximum potential yield here, and increasing the nitrogen doses will
not be connected with higher grain yield. From this point of view, we cannot influence the natural
barriers of the locality and only new breakthroughs, such as the transformation of wheat from C3
to C4 pathway [29], could bring the new “green revolution”, connected with significantly higher
yields. Different behaviour was recorded in Caslav, where a significant decline in grain yields was
connected with increasing doses of mineral N, and maximal yield was reached with 72 kg N ha−1.
Finally, the light soil in Lukavec responded to increasing nitrogen doses with significantly higher yields.
According to the quadratic model, the maximum yield was reached with 155 kg N ha−1. These results
of the quadratic model specify the previous values obtained for the variants FYM+N1 and FYM+N2
(the variant FYM+N3 would be great for the comparison. However, it was not established when
setting up the experiment). Another thing we can compare is the effect of added P and K fertilizers.
As mentioned above, the average amount of applied P and K mineral fertilizers is very low in the Czech
Republic. This creates a contrast between what is taught in schools and common agricultural practice.
According to the results, no significant differences were recorded between FYM+N and FYM+NPK
treatments in Ivanovice, where naturally fertile soil occurs and the pool of nutrients is high even in
unfertilized Control treatment. Thus, the addition of 60 kg P and K ha−1 was not connected with any
benefits if we speak about grain yields. In Čáslav, the high dose of nitrogen was counterproductive
and the application of P and K again did not bring significant differences in yields, although the
concentration of P and K were significantly lower in FYM+N treatments in comparison with FYM+NPK
treatments. The high N dose counter-productivity theoretically stems from the fact that high doses
of nitrogen supplied to the soil increase nitrogen losses from the soil, thereby reducing its usability
by wheat [26], or from an increased risk of lodging and disease incidence and severity [30]. Finally,
the third kind of reaction was recorded in Lukavec, where an increasing dose of mineral N increased
grain yield, and yield reduction is expected at doses above 155 kg N ha−1. Comparing the effect of P
and K fertilizers in Lukavec, no differences between grain yields provided by FYM+N and FYM+NPK
treatments were recorded, although the differences between the P and K concentrations in the soil were
significant. According to the results, the application of P and K fertilizers significantly boosted the
soil concentrations of P and K (Tables 8–10). This is a very important result showing that dependency
on N, which is a current situation in the Czech Republic, is not long-term sustainable management
and will slowly lead to soil depletion. Excellent review represents this paper [6]. According to [6], it
was not clearly proven that application of P and K increases grain yield (some evaluated experiments
proved that hypothesis, some did not), but it was stated that “improved soil P, K, or S availabilities has
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potential to increase grain yield and improve the efficiency of N fertiliser use”. It is suggested that
application of P and K fertilizers increases the efficiency of N, but we cannot confirm this conclusion,
at least from the point of view of grain yields.

4.4. Grain Quality

Owing to the limited budget, we were able to analyze only three fertilization treatments in terms
of quality (control, FYM, and FYM+N3PK). Our results are of limited value, yet they can provide
important information. The first important finding is that, as the FYM significantly affected grain
yield (in comparison with the control), it wasnot able to provide a sufficient amount of nutrients,
or beneficially affect the soil environment to produce quality grain. At least in the Czech Republic,
where the minimum CPC content for bread-making “elite class” quality is 12.6%. The lower threshold
is, for example, in France, where the CPC limit required for organic breadmaking wheat increased
during the time from 9 to 10.5% [31]. However, even this value wasnot reached in our experiment.
Manure is a valuable source of organic matter and nutrients that are released over time from the
organic form to the inorganic form via the mineralization process. The released nutrients thus become
accessible to plants. Most of the nutrients are released into the soil environment in the first year
after application and, in subsequent years, this amount gradually decreases. The yearly rates of
mineralization, expressed as decay series, vary significantly between the authors [32–34], but generally
range (for nitrogen) from 40 to 60% in the first year, 10 to 25% in the second year, and 5 to 10%
in the third year. The expected very low amount of available nutrients released from the manure
during the third year after application could not meet the needs of wheat to produce higher amounts
of protein. On the other hand, application of NPK significantly increased the CPC and ZST in all
localities. Application of mineral N represents an effective way to increase grain’s CPC [6,35,36].
Suitable soil-climate conditions in Ivanovice providedthe highest CPC and ZST, followed by Caslav,
which offers similar soil-climate conditions. Both sites provided grain meetingthe requirements for
category “E” (min. CPC 12.6%, min. ZST value 49 mL). On the other hand, even high doses of mineral
fertilizers cannot break naturally createdsoil-climate barriers, such as in Lukavec (Table 7), where
these requirements werenot met in the currently evaluated period, as well as in the previous years
(2011–2013) [37]. The CPC in the wheat grain is significantly affected mainly by two factors: (1) N
supply and (2) weather conditions. In Lukavec, N supply was at the same level as in Ivanovice and
Caslav, but the results were not satisfying. According toBarneix [35], the CPC cannot be increased,
despite the ample N supply, because two main regulatory points are active at the same time during
the grain-filling period. This means that wheat (Triticum aestivum) has a ceiling in terms of protein
content that cannot be exceeded. This can be seen in Ivanovice and Caslav. Ancient wheat species,
such as Triticum monococcum, Triticum dicoccum, and Triticum. spelt, have the ability to produce higher
CPC in comparison with T. aestivum [38], so the CPC is influenced by wheat species, too. The weather
conditions are the second factor affecting the grain’s CPC. Both yield creation (accumulation of starch)
and grain’s CPC (accumulation of proteins) are independent processes. Dry and hot conditions usually
lead to high CPC, while wet and colder conditions lead to lower CPC [39], because dry conditions
decrease starch synthesis and deposition, while proteosynthesis is not inhibited as much as starch
synthesis by these environmental factors [40]. From this point of view, it is unlikely that, in Lukavec
and other localities with comparable soil–climatic conditions, we will achieve a harvest of high–quality
grain, at least via the fertilization. However, this could change with upcoming weather changes,
as is expected for example in the UK [41], or generally in Europe [42].The direction of such changes
can be seen in the results from Lukavec from 2018. This season was dry in Ivanovice and Caslav,
with relatively low yields and high quality. However, in Lukavec, the year 2018 was characterized by
relatively good yields and, at the same time, high quality. This means that the drought has acted here
as a positive factor, smoothing the negative effect of the local soil–climate barriers.
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5. Conclusions

Application of farmyard manure three years before wheat was sown significantly affected wheat
grain yields in all localities and positively influenced soil chemical properties, but has no further
beneficial effect on grain quality.

Application of mineral nitrogen significantly increased grain yield and grain quality in all localities,
and also positively affected Cox and Nt concentration. No effect on the pH value was recorded in
Chernozem and Cambisol soil types, but Phaeozem reacted on N fertilizers with a decrease of the
pH value.

Application of mineral nitrogen, phosphorus, and potassium was not connected with any
significant increase in grain yields when compared with application of only mineral nitrogen. On the
other hand, soil P and K concentrations were statistically significantly higher in treatments with P and
K, and their application prevents depletion of these elements in the soil.

The highest yields were recorded between 70 and 98 kg N ha−1 in Ivanovice, 55 and 72 kg N ha−1

in Caslav, and with 155 kg N ha−1 in Lukavec.
Grain quality is mainly affected by nitrogen supply and limited by natural soil–climate barriers of

the locality.
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Abstract: The dynamic interactions between soil, weather and crop management have considerable
influences on crop yield within a region, and should be considered in optimizing nitrogen (N)
management. The objectives of this study were to determine the influence of soil type, weather
conditions and planting density on economic optimal N rate (EONR), and to evaluate the potential
benefits of site-specific N management strategies for maize production. The experiments were
conducted in two soil types (black and aeolian sandy soils) from 2015 to 2017, involving different
N rates (0 to 300 kg ha−1) with three planting densities (55,000, 70,000, and 85,000 plant ha−1) in
Northeast China. The results showed that the average EONR was higher in black soil (265 kg ha−1)
than in aeolian sandy soil (186 kg ha−1). Conversely, EONR showed higher variability in aeolian
sandy soil (coefficient of variation (CV) = 30%) than in black soil (CV = 10%) across different weather
conditions and planting densities. Compared with farmer N rate (FNR), applying soil-specific EONR
(SS-EONR), soil- and year-specific EONR (SYS-EONR) and soil-, year-, and planting density-specific
EONR (SYDS-EONR) would significantly reduce N rate by 25%, 30% and 38%, increase net return
(NR) by 155 $ ha−1, 176 $ ha−1, and 163 $ ha−1, and improve N use efficiency (NUE) by 37–42%, 52%,
and 67–71% across site-years, respectively. Compared with regional optimal N rate (RONR), applying
SS-EONR, SYS-EONR and SYDS-EONR would significantly reduce N application rate by 6%, 12%,
and 22%, while increasing NUE by 7–8%, 16–19% and 28–34% without significantly affecting yield or
NR, respectively. It is concluded that soil-specific N management has the potential to improve maize
NUE compared with both farmer practice and regional optimal N management in Northeast China,
especially when each year’s weather condition and planting density information is also considered.
More studies are needed to develop practical in-season soil (site)-specific N management strategies
using crop sensing and modeling technologies to better account for soil, weather and planting density
variation under diverse on-farm conditions.

Keywords: yield; site-specific nitrogen management; regional optimal nitrogen management;
net return; nitrogen use efficiency; spatial variability; temporal variability
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1. Introduction

Improper nitrogen (N) management in current crop production systems has become a growing
concern among governments, scientists and farmers around the world [1–3]. Optimizing N management
in agriculture is crucially important for food security, environmental protection, and sustainable
development [3–5]. This is particularly true for China, the world’s largest producer, consumer and
importer of chemical fertilizers [6,7]. Chinese scientists have been promoting a regional optimal N
management (RONM) strategy to avoid significant over- or under-application problems [5,8]. If it
were adopted for maize (Zea mays L.) production across China, more than 1.4 million tons N fertilizer
and 18.6 million tons of greenhouse gas (GHG) emission would be reduced [9]. Such strategy can be
easily adopted by farmers and won’t increase their costs. However, due to the significant field-to-field
and within-field variability of indigenous soil N supply and crop N demand, this fixed rate and timing
strategy will unavoidably result in sub-optimal N management in different fields within a region [8,10].
There is a growing interest in China to develop alternative strategies to further improve N use efficiency
(NUE) by better matching N supply with crop N requirement in both space and time [5,6]. Accordingly,
it is necessary to determine key factors influencing maize response to N rate and evaluate the potential
benefits of alternative N management strategies first.

The first and most important factor to consider is soil type differences, especially soil texture,
which regulates many soil processes such as water retention and infiltration, soil organic matter
mineralization and nutrient dynamics and, therefore, influences soil N availability and crop yield [11–14].
There are about 17 different soil types, according to the United States Department of Agriculture (USDA)
Soil Taxonomy, in Lishu county, Jilin Province, Northeast China [15]. Recent research indicated that N
requirements for maize varied spatially due to the spatial heterogeneity of soil texture [16]. The optimal
N rate should be determined according to variability in these soil properties that influence soil N
availability or crop response to available N [17]. Loamy clay and loamy sand are two representative
soil textures in Northeast China. The loamy clay soil generally has a higher soil organic matter
(SOM) content, higher water holding capacity, and stronger ability to fix NH4-N than loamy sand [18].
Loamy sand soils, on the other hand, have generally lower SOM and water holding capacity, but due
to greater aeration, they are usually characterized by a higher N mineralization rate than the loamy
clay soils [19], causing higher risks of N leaching losses [20]. A recent study from Northeast China
indicated that there was a weak parabolic relationship between N rate and maize root length in loamy
clay and clay loam soils, but not in the loamy sand soil [21]. That study reported that root length and
grain yield were both maximized at the optimal N rate (ONR) of 168–240 kg N ha−1 across soils and
years. Results of Qiu et al. [22] indicated that ONR ranged between 140 and 210 kg ha−1 for maize in
Northeast China across site-years. The results of studies conducted in North America indicated that
the maize grown in fine-textured soils had significantly greater response to added N than the maize
grown in medium-textured soils [23].

In addition to soil type and soil texture, weather conditions can also have a strong impact on
crop growth, soil water and nutrient dynamics, and crop response to N fertilization. Precipitation
and temperature have been found to significantly affect maize grain yield, soil mineral N, and maize
response to N [24–27]. The interaction between soil properties and weather conditions controls the soil
water and nutrient availability as well as crop yield potential during the growing season [28,29]. Due to
the spatial and temporal variations in crop N demand and soil N supply and losses, crop responses
to N fertilizer may vary both between and within soils under different weather conditions [30–32].
This can result in significant changes of ONR in space and time [33–35]. It has been found that maize
yield response to N fertilization could be enhanced by abundant and well-distributed rainfall, and
accumulated maize heat units [23]. Therefore, weather conditions should also be taken in account
when determining the ONR for different soils.

Planting density is often considered one of the most important crop management practices to
improve grain yield and NUE for maize production [36–38]. An optimal planting density is needed
together with a matching optimal N rate to ensure appropriate aboveground and underground plant
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growth through different utilization of solar radiation and soil nutrients [38–40]. Hence, the maximum
maize grain yield in a specific environment (related to soil and weather conditions) may be achieved [41].

So far, few studies have explored the effects of soil type (texture), weather condition, and planting
density on the economic optimal N rate (EONR) for maize production, especially in Northeast China.
Therefore, the objectives of this study were to (1) determine the EONR as affected by soil type, weather
condition and planting density, and (2) evaluate the potential benefits of applying soil-specific (SS),
soil- and year-specific (SYS), and soil-, year- and density-specific (SYDS) EONR for maize production
in Northeast China.

2. Materials and Methods

2.1. Site Descriptions

The study was conducted in Lishu County (43◦02′–43◦46′ N, 123◦45′–124◦53′ E), Jilin Province in
Northeast China. Two field locations within the study site with contrasting soil types were selected
for this study: one field with a black soil (loamy clay) equivalent to typical Haploboroll and the
other field with an aeolian sandy soil (loamy sand) equivalent to typical Cryopsamments according
to the USDA Soil Taxonomy [42]. In Lishu County, about 54,700 hectares of black soil fields and
about 13,900 hectares of aeolian sandy soil fields are used to grow spring maize [15]. The black soil
field was fertile and fine-textured with higher field capacity (0.39 cm cm−3), total N (1.35 g kg−1),
and SOM (26.2 g kg−1) than the coarse-textured aeolian sandy soil field with lower field capacity
(0.13 cm cm−3), total N (0.65 g kg−1), and SOM (9.7 g kg−1) [43]. The daily precipitation (mm) and daily
mean temperature (◦C) during three maize growing seasons from 2015 to 2017 were reported in the
previous study in Lishu County [43]. According to accumulated precipitation (APP) of maize growth
season, year 2015, 2016, and 2017 were considered as dry (347.3 mm), wet (660.6 mm), and normal
(509.9 mm) years, respectively.

2.2. Field Experiments and N Management Strategies

The same field experiment was conducted from 2015 to 2017 in the black soil and aeolian sandy
soil fields. The experiment used a two-factor randomized complete block design with three replicates
involving six N rates (from 0 to 300 kg N ha−1 for maize with an increment of 60 kg N ha−1) with three
planting densities (D1: 55,000 plants ha−1, D2: 70,000 plants ha−1, D3: 85,000 plants ha−1) in each
field. The plot size was 9 × 8 m2 with wide-narrow row planting spacing of 0.40–0.80 m. For each
N treatment, one-third of the N fertilizer in the form of urea and all the phosphorus in the form of
calcium superphosphate (at rate of 90 kg P2O5 ha−1) and potassium in the form of potassium sulphate
(at rate of 90 kg K2O ha−1) fertilizers were blended into the top 20 cm soil as basal fertilizers before
planting. The remaining two-thirds of the N fertilizer was side-dressed at the V8 growth stage.

To compare different N management strategies, we defined the treatments of 300 kg N ha−1 with
55,000 plants ha−1 and 240 kg N ha−1 with 70,000 plants ha−1 as the farmer N rate (FNR) and regional
optimal N rate (RONR) management strategies, respectively. The treatment of 0 kg N ha−1 with
55,000 plants ha−1 was defined as check plot (CK). Three EONR management strategies were evaluated
in this study: (1) soil-specific EONR (SS-EONR) adjusts N application rates according to different soil
types; (2) soil- and year-specific EONR (SYS-EONR) adjusts N application rates according to different
soil types and each year’s weather conditions; and (3) soil-year-density-specific EONR (SYDS-EONR)
adjusts N application rates according to different soil types, each year’s weather conditions and
different planting densities. The EONR was defined as the rate of N application where $1 of additional
N fertilizer returned $1 in grain yield, and was based on the assumption that N fertilizer was the only
variable cost and all other costs were fixed [44]. The optimal plant density was empirically determined
at 70,000 and 55,000 plants ha−1 for the black and aeolian sandy soil fields, respectively. The SS-EONR,
SYS-EONR and SYDS-EONR were determined based on the maize yield responses to the N application
rate for specific soil, specific soil- and year, and specific soil-, year and density situations, respectively.
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The local maize variety-Liangyu 66 was used in both fields. No irrigation was applied in the black
soil field, while one-time irrigation of about 50 mm of water was applied before the anthesis growth
stage in the aeolian sandy soil field each year. All plots were kept free of weeds, insects, and diseases
with chemicals based on standard practices.

2.3. Sample Collection and Data Calculation

Before the start of the experimental series in 2015, soil samples were collected from each plot to
determine the soil physical and chemical characteristics. At maize harvest stage (R6) for each growing
season, three plant samples were randomly collected from each plot and split into stalks, leaves and
grains. These three parts of plant samples were dried in the oven at 105 ◦C for one hour and then at
85 ◦C to a constant weight to determine dry aboveground biomass (AGB), which was the sum dry
weight of talks, leaves and grains. Then they were ground into fine powder to determine plant N
concentration (PNC) by the Kjeldahl digestion method [45], and the plant nitrogen uptake (PNU)
was determined by multiplying PNC by AGB. Finally, the N nutrition index (NNI) for each plot was
determined by the ratio of actual and critical PNC at harvest stage [46]. The critical PNC was calculated
as following equation:

PNCc = 36.5 ×W−0.48 (1)

where PNCc is the critical plant N concentration expressed as “g kg−1 dry matter (DM)” and W is the
AGB expressed in “t DM ha−1”.

After sampling, grain yield was determined by harvesting the middle 20 m2 area of each plot
and standardized to 14% grain moisture content. Later, partial factor productivity (PFP), agronomic
efficiency (AE), and recovery efficiency (RE) were calculated using the following equations:

PFP [kg kg−1] = YN/NF (2)

AE [kg kg−1] = (YN − Y0)/NF (3)

RE [%] = (PNUN − PNU0)/NF (4)

where YN and Y0 are the yield in N fertilizer application plots and 0 kg N ha−1 plots, respectively,
and PNUN and PNU0 are the plant N uptake (PNU) in N application plots and 0 kg N ha−1 plots,
respectively, and NF is the applied N fertilizer rate.

The economic income, defined as net return (NR, $ ha−1), was calculated according to Formula (4):

NR = GY × GP − Cost (5)

where GY is the grain yield (kg ha−1), GP is the grain price (0.25 $ kg−1), and the Cost included
field tillage (100 $ ha−1), sowing (127 $ ha−1), irrigation (423 $ ha−1), pesticide (100 $ ha−1),
herbicide (100 $ ha−1), harvest (155 $ ha−1), N fertilizer (0.92 $ N kg−1), phosphorus fertilizer
(0.52 $ P2O5 kg−1), potassium fertilizer (0.52 $ K2O kg−1), and maize seeds (1.05 $ 1000 seeds−1).

2.4. Statistical Analysis

Analysis of variance (ANOVA) was conducted using the general linear model procedure in SPSS
25.0 software (SPSS Inc., Chicago, IL, USA). The main effects of soil, year, planting density, and N
fertilizer rate on yield, AGB, PNC, and NNI were analyzed. Mean values of the aforementioned
variables for each N treatment were compared using least significant difference test (LSD) at the p < 0.05
probability level. Three statistical models (quadratic, quadratic-plus-plateau and linear-plus-plateau)
were selected to describe the crop yield response to N rate, AGB, PNC, and NNI. The PROC NLIN
procedure in SAS software (Version 8.0, SAS, 2013), was used to build and analyze those models.
The choice of the best model was based on the coefficients of determination (R2) and root mean square
error (RMSE). The quadratic model had the best fit to describe the crop yield response to AGB, and the
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linear-plus-plateau model had the best fit to describe the crop yield response to PNC and NNI at
specific soil and specific soil-year respectively. The quadratic-plus-plateau model had the best fit and
was therefore used to calculate the EONR and yield at EONR (EOY). The EONR (kg N ha−1) was
calculated as:

EONR [kg ha−1] = (CP − b)/2c (6)

where CP was the ratio of the cost of N fertilizer to the price of maize grain, and b and c are the
linear and quadratic coefficients from the quadratic-plus-plateau equation. The EOY was calculated by
substituting the EONR value into the quadratic-plus-plateau equation [44].

Additionally, multiple linear regression was used to establish the relationships between EONR
(obtained yield) and the soil total N (TN), planting density (D), growing degree days (GDD),
and accumulated precipitation (APP) during maize growing season using the SPSS 25.0 software
(SPSS Inc., Chicago, IL, USA). The GDD was calculated as follows:

GDD =
∑

((Tmax − Tmin)/2 − Tbase) (7)

where Tmax, Tmin, Tbase are the daily maximum, minimum, and base temperatures, respectively and
Tbase = 10 ◦C.

3. Results

3.1. The Description of Maize Agronomic Parameters

According to the results of ANOVA (Table 1), maize yield, AGB, PNC, and NNI, were all
significantly affected by soil type, year with its weather pattern, N rate, and their interactions. However,
the yield, PNC, and NNI were not directly affected by the planting density.

Table 1. Significance of mean squares in the analysis of variance (ANOVA) of yield, aboveground
biomass (AGB), plant N concentration (PNC), and N nutrition index (NNI) across two soil types (S),
three years (Y), three densities (D), and six N rates (N).

Source of Variation Df
Significance of Mean Square

Yield AGB PNC NNI

Soil (S) 1 *** *** *** ***
Year (Y) 2 *** *** *** ***

Density (D) 2 ns *** ns ns
Nitrogen (N) 5 *** *** *** ***

S × Y 2 *** *** *** ***
S × D 2 ns ns * *
S × N 5 *** *** *** **
Y × D 4 * ** ns ns
Y × N 9 *** *** *** ***
D × N 10 ns ns ns ns

S × Y × D 4 ns ns ns **
S × Y × N 9 ns * *** ***
S × D × N 10 ns ns ns ns
Y × D × N 18 ns ns ns ns

S × Y × D × N 18 ns ns ns ns

Note: *, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001 probability levels, respectively. ns was
non-significant (p > 0.05).

The multiple comparisons of the analyzed agronomic parameters in data subsets aggregated by a
given influencing factor are shown in Table 2. The maize yield, AGB, and NNI in the black soil field
were significantly higher (by 3.43 t ha−1, 5.91 t ha−1, and 0.06) than in the aeolian sandy soil field.
On the other hand, the PNC were significantly lower (by 1.31 kg kg−1) in the black soil field than in
the aeolian sandy soil field. The relatively wet season of 2016 brought the highest yield and AGB
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while NNI was the lowest among three years. In 2015, a relatively dry year, the yield and PNC were
the lowest in the analyzed period. The yield, PNC, and NNI were not significantly affected by the
three tested planting densities. The values of all of the parameters significantly improved with the
increasing N rate, until the N4 treatment (240 kg ha−1).

Table 2. The multiple comparisons of maize yield, net return (NR), aboveground biomass (AGB),
plant N concentration (PNC), N nutrition index (NNI), and N surplus (NS) at two soil types (S),
three years (Y), three densities (D), and six N rates (N) respectively.

Items Treatments
Yield AGB PNC NNI

(t ha−1) (t ha−1) (kg kg−1)

Soil B 10.22 ± 0.24 a 18.73 ± 0.45 a 8.85 ± 0.11 b 0.85 ± 0.01 a

S 6.79 ± 0.17 b 12.82 ± 0.32 b 10.16 ± 0.15 a 0.79 ± 0.01 b

Year 2015 8.05 ± 0.30 b 16.25 ± 0.53 a 9.29 ± 0.18 b 0.87 ± 0.01 a

2016 9.13 ± 0.31 a 16.99 ± 0.59 a 9.37 ± 0.15 ab 0.78 ± 0.02 b

2017 8.26 ± 0.29 b 14.16 ± 0.52 b 9.82 ± 0.18 a 0.81 ± 0.02 b

Density D1 8.44 ± 0.29 a 14.87 ± 0.53 b 9.65 ± 0.18 a 0.80 ± 0.02 a

D2 8.48 ± 0.32 a 15.68 ± 0.56 ab 9.45 ± 0.17 a 0.82 ± 0.02 a

D3 8.59 ± 0.32 a 16.78 ± 0.58 a 9.41 ± 0.17 a 0.83 ± 0.02 a

Nitrogen N0 4.57 ± 0.28 e 9.26 ± 0.50 e 7.15 ± 0.09 e 0.58 ± 0.02 e

N1 7.12 ± 0.21 d 12.80 ± 0.42 d 8.50 ± 0.14 d 0.68 ± 0.01 d

N2 8.95 ± 0.30 c 15.81 ± 0.58 c 9.68 ± 0.16 c 0.82 ± 0.01 c

N3 9.88 ± 0.34 b 18.40 ± 0.59 b 10.32 ± 0.17 b 0.92 ± 0.01 b

N4 10.28 ± 0.35 ab 19.58 ± 0.66 ab 10.81 ± 0.16 a 0.99 ± 0.01 a

N5 11.08 ± 0.37 a 20.33 ± 0.74 a 11.08 ± 0.19 a 0.99 ± 0.01 a

Note: the notation for treatments within soil (B: black soil, S: aeolian sandy soil), year, density (D1: 55,000 plant ha−1,
D2: 70,000 plants ha−1, and D3: 85,000 plants ha−1), and nitrogen (N0: 0 kg ha−1, N1: 60 kg ha−1, N2: 120 kg ha−1,
N3: 180 kg ha−1, N4: 240 kg ha−1, and N5: 300 kg ha−1). The number behind “±” is the standard error, and numbers
for the same item followed by different letters indicate significant differences (p < 0.05).

An overview of the relationships between maize yield and agronomic parameters showed distinct
crop response to growing conditions (Figures 1 and 2). Whether across the three years or in a specific
year, for black soil and aeolian sandy soil fields the relationship between yield and AGB had a significant
quadratic relationship. On the contrary, the relationships between yield and either PNC or NNI were
modeled according to the linear-plus-plateau models. Across the three years, the yield was maximized
when the PNC reached 9.6 kg kg−1 and 10.1 kg kg−1 in black soil and aeolian sandy soil, respectively.
Correspondingly, in black soil field, the yield reached its maximum when the NNI was at 0.95, while in
the aeolian sandy soil, the maximum yield was obtained at NNI of 0.81. Analyzed for a given year,
in 2015, 2016, and 2017, the yield was maximized when the PNC reached 8.2, 9.2, and 9.9 kg kg−1 in
black soil and 9.7, 9.5, and 10.1 kg kg−1 in aeolian sandy soil, respectively. Correspondingly, in the
black soil field, the yield reached its maximum when the NNI was at 1.15, 0.84, and 0.90 in specific
year of 2015, 2016, and 2017, while in the aeolian sandy soil, the yield was maximized at NNI of 0.74,
0.80, and 0.88, respectively.
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3.2. The Response of Maize Agronomic Parameters to N Application Rate

The maize yield was significantly higher in black soil than in aeolian sandy soil at each N
application rate (Figure 3). According to the quadratic-plus-plateau model, the maize yield was
maximized at the N rates of 285 and 201 kg ha−1 in black soil and aeolian sandy soils across three
years, respectively. Furthermore, the lowest N rate for obtaining the maximum yield, or the agronomic
optimal N rate (AONR), was not stable in either the black soil field or the aeolian sandy soil field and
was influenced by the weather pattern in a given season. For specific year of 2015, 2016, and 2017,
the soil-specific AONR of black soil and aeolian sandy soil fields were 300, 243, and 277 kg ha−1 and
112, 209, and 217 kg ha−1 in 2015, 2016, and 2017, respectively. The average EONRs were 265 kg ha−1

(276, 230, and 260 kg ha−1) and 186 kg ha−1 (101, 193, and 203 kg ha−1) in black soil and aeolian sandy
soil fields, respectively, across three years (in specific year of 2015, 2016, and 2017).

Figure 3. The responses of crop yield to N application rate across three years (a), and in specific year of
2015 (b), 2016 (c), and 2017 (d) in two soils across three planting densities. (Note: the “n” is the number
of samples for each soil type, the first equation is for black soil, the second equation is for aeolian sandy
soil, * indicate significance at p < 0.05 probability level, the lowercase letters in the table indicate the
significant difference at 0.05 level).
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Moreover, the soil-specific EONR was also influenced by the year and planting density interaction
(Figure 4). In the black soil field, the soil-specific EONR had a coefficient of variation (CV) of 10% and
reached 210, 225, and 240 kg ha−1, 234, 214, and 252 kg ha−1, and 266, 250, and 266 kg ha−1 at the planting
density of 55,000, 70,000, and 85,000 plants ha−1 in year of 2015, 2016, and 2017, respectively. The NUE
analysis using PFP and AE showed that the highest values were obtained at the planting density of
70,000 plants ha−1 (64 and 42 kg kg−1) in all three years compared with 50,000 plants ha−1 (54 and
20 kg kg−1) and 85,000 plants ha−1 (50 and 37 kg kg−1). In the aeolian sandy soil field, the soil-specific
EONR varied with the CV of 30% and reached 88, 150, and 96 kg ha−1, 158, 209, and 215 kg ha−1,
and 168, 177, and 208 kg ha−1 at the planting density of 55,000, 70,000, and 85,000 plants ha−1 in year
of 2015, 2016, and 2017, respectively. Interestingly, the NUE analysis (PFP and AE), showed that
the highest values were obtained at the planting density of 55,000 plants ha−1 (75 and 23 kg kg−1) in
all three years compared with 70,000 plants ha−1 (55 and 34 kg kg−1) and 85,000 (50 and 36 kg kg−1)
(Figure 4). Meanwhile, according to the multiple linear regression (Figure 5), soil-specific EONR
(R2 = 0.77) and obtained yield (R2 = 0.95) showed significant relationships with the soil total N, growing
degree days, accumulated precipitation, and planting density.

Figure 4. The variation of economic optimal N rate (EONR) and N use efficiency (NUE) (partial factor
productivity (PFP) and agronomic efficiency (AE)) in a specific soil (B: black soil, (a); S: aeolian sandy soil,
(b), year (2015, 2016, and 2017), and planting density (D1: 55,000 plant ha−1, D2: 70,000 plant ha−1, and
D3: 85,000 plant ha−1). (Note: the “n” is the number of samples for EONR, PFP, and AE respectively).

Figure 5. The relationships for measured and predicted soil-year-density specific economic optimal
N rates (a) or yield (b) using soil, weather, and planting information (Note: the “n” is the number of
samples, EONR = 101.24 × TN + 100.68 × GDD − 10.12 × APP + 0.57 × D − 164796.76, Y = 6.74 × TN +
0.91 × GDD − 0.09 ×APP + 0.02 ×D − 1486.83, where EONR is economic optimal N rate, Y is grain yield,
TN is soil total N, GDD is growing degree days, APP is accumulated precipitation, D is planting density).
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3.3. The Potential Benefits of Site-Specific N Management Strategies

Based on the EONR specific to different soil types, years and planting densities, as described above
(Figure 4), three site-specific N management strategies were proposed. The results of the SS-EONR,
SYS-EONR, and SYDS-EONR strategies with their explicit N-rates and optimal planting densities at
70,000 and 55,000 plants ha−1 for the black and aeolian sandy soil fields, respectively, were averaged
across the soils and years (Table 3). This facilitated the comparison with FNR at 300 kg N ha−1 and
55,000 plants ha−1 and RONR at 240 kg N ha−1 and 70,000 plants ha−1. The variation between the
different strategies at the two soil types are given in Figure 6.

Table 3. The comparison of the N rate, yield, net return, partial factor productivity (PFP), agronomic
efficiency (AE), and recovery efficiency (RE) from different N management strategies across soils
and years.

Management
N Rate

(kg ha−1)
Yield

(t ha−1)
Net Return

($ ha−1)
PFP

(kg kg−1)
AE

(kg kg−1)
RE
(%)

CK 0 ± 0 d 4.77 ± 0.80 b 459 ± 100 c

FNR 300 ± 0 a 10.07 ± 1.02 a 1508 ± 155 b 33.57 ± 3.40 c 17.67 ± 3.12 b 53.79 ± 7.71 a

RONR 240 ± 0 b 10.33 ± 1.16 a 1612 ± 190 a 43.03 ± 4.83 bc 23.15 ± 4.28 ab 57.48 ± 7.22 a

SS-EONR 225 ± 18 bc 10.45 ± 1.14 a 1664 ± 167 a 45.93 ± 2.18 b 25.05 ± 3.81 ab 56.18 ± 7.85 a

SYS-EONR 211 ± 25 bc 10.48 ± 1.14 a 1685 ± 161 a 51.15 ± 3.71 ab 26.81 ± 3.15 ab 56.50 ± 7.99 a

SYDS-EONR 187 ± 25 c 10.34 ± 1.13 a 1671 ± 157 a 57.46 ± 4.14 a 29.52 ± 3.11 a 58.23 ± 8.31 a

Note: CK: check, zero N rate; FNR: farmer N rate; RONR: regional optimal N rate, SS-EONR: soil-specific
economic optimal N rate; SYS-EONR: soil-, and year-specific economic optimal N rate; SYDS-EONR: soil-, year- and
density-specific economic optimal N rate. The number behind “±” is the standard error. Different lowercase letters
in the same column indicate significant difference at 0.05 level (p < 0.05).

In comparison with FNR across the two soil types and three years (Table 3), the SS-EONR,
SYS-EONR, and SYDS-EONR strategies significantly reduced N rate by 25%, 30%, and 38%,
increased NR by 155, 176, and 163 $ ha−1, and improved NUE parameters (PFP and AE) by 37–42%,
52%, and 67–71%, respectively. Meanwhile, these three strategies showed no significant effects on
maize yield. When compared with RONR, the SS-EONR, SYS-EONR, and SYDS-EONR strategies
significantly reduced N rate by 6%, 12%, and 22%, and improved NUE parameters (PFP and AE) by
7–8%, 16–19%, and 28–34%, respectively, without significantly affecting maize yield and NR.

Analyzed for each soil type separately, the SS-EONR, SYS-EONR, and SYDS-EONR strategies
performed differently when compared with FNR and RONR across the three years (Figure 6). In the
black soil field, in comparison with FNR, the SS-EONR, SYS-EONR, and SYDS-EONR strategies
significantly reduced N rate by 12%, 15%, and 22%, increased NR by 201, 212, and 193 $ ha−1,
and improved PFP by 20%, 26%, and 35%, respectively, without significantly affecting maize yield, AE,
and RE. However, when compared with RONR, the SS-EONR, SYS-EONR, and SYDS-EONR strategies
did not significantly affected N rate, maize yield, NR, and NUE parameters (PFP, AE, and AE).

In the aeolian sandy soil field, in comparison with FNR, the SS-EONR, SYS-EONR, and SYDS-EONR
strategies reduced N rate by 38%, 45%, and 54%, increased NR by 109, 140, and 133 $ ha−1, and improved
NUE parameters (PFP and AE) by 62%, 76–93%, and 105–126%, respectively. When compared with
RONR, the SS-EONR, SYS-EONR, and SYDS-EONR strategies reduced N rate by 23%, 31%, and 42%,
increased NR by 95, 126, and 119 $ ha−1, and improved NUE parameters (PFP and AE) by 31–33%,
44–56%, and 68–83%, respectively. It is worth noting that the SS-EONR, SYS-EONR, and SYDS-EONR
strategies showed no significant difference in maize yield whether comparing with FNR or RONR in
the aeolian sandy soil field.
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Figure 6. The comparison of the N rates (a), yield (b), net return (c), partial factor productivity (PFP, d),
agronomic efficiency (AE, e), and recovery efficiency (RE, f) from different N management strategies
at specific soil type across three years. (Note: CK: zero N rate, FNR: farmer application N rate,
RONR: regional optimal N rate, SS-EONR: soil-specific economic optimal N rate, SYS-EONR: soil-
year-specific economic optimal N rate, SYDS-EONR: soil-year- density-specific economic optimal N rate.
The “n” is the number of samples for each N management strategies at specific soil type respectively.
The lowercase letters in the table indicate the significant difference at 0.05 level (p < 0.05)).

4. Discussion

4.1. The Soil-Specific Economic Optimal N Rate

In this study, the black soil field was characterized by a higher water holding capacity and soil
fertility than the aeolian sandy soil field (Table 1). This led to a more efficient nutrient supply to
the maize crop during the growing season and resulted in larger AGB and NNI in the black soil
field (Table 2). These findings were in agreement with previous studies conducted in this study
region [47,48]. According to the relationship between grain yield and AGB or NNI (Figure 1), a higher
yield was recorded in the black soil field than in aeolian sandy soil field (Table 2). That is despite
the fact that the PNC was higher in the aeolian sandy soil field than in the black soil field (Table 2).
The NNI is generally used during the growing season to diagnose crop N status (deficient, optimal or
surplus) for guiding in-season N application [49], however, the concept can also be extended to the
maturity stage to guide adjustment of N management in the following season [50].

It is usually assumed that the ONRs are higher in coarse-textured soil fields than in fine-textured
soil fields, due to the disability in coarse-textured soil fields to retain moisture leading to higher N
leaching potential [51]. As a result, most farmers apply more N fertilizer in the aeolian sandy soil

130



Agronomy 2020, 10, 1237

field than in the black soil field [52]. Furthermore, in this study location, maize production is rain-fed
and water deficit frequently occurs during the maize growing season, hence the drought has been
the main limiting factor of crop growth in the aeolian sandy soil field [53,54]. In order to avoid the
overuse of N fertilizers, many researchers tend to use the linear plus plateau model to determine the
ONR in China [22,55]. In this study, according to the R2 and RMSE, the quadratic-plus-plateau model
had the best fit and was, therefore, used to calculate the EONR. The EONR across three years and
three planting densities was considerably higher in fine-textured black soil field (265 kg ha−1) than
in coarse-textured aeolian sandy soil field (186 kg ha−1) (Figure 3a). According to the relationships
between yield and PNC or NNI (Figure 1), plants with a given level of PNC and NNI could produce
much more yield in black soil than in aeolian sandy soil. The minimum NNI to obtain the maximum
yield in the aeolian sandy soil field (0.81) was significantly lower than in the black soil field (0.95).
In other words, adding more N fertilizer would not lead to substantial increase of maize yield in aeolian
sandy soil field. Therefore, N fertilizer was not considered the main limiting factor there. This result
was in agreement with the previous studies stating that the ONR was lower in coarse-textured soil
fields than in fine-texture soil fields and showing great soil-specific variability [50,56].

4.2. The Influence of Weather Conditions and Planting Density on Soil-Specific Economic Optimal N Rate

The interaction between soil properties and weather conditions had the greatest influence on
the response of crop yield to N fertilizer [23,24,57]. According to the previous research [58–60],
the relationship between soil properties and yield was mainly affected by the spatial and temporal
variability in soil water holding capacity and precipitation. Therefore, ONR should be adjusted based on
the interaction between soil properties and weather conditions. Precipitation was significantly different
among three years covered by this study (Figure 1), and had a significant effect on yield, AGB, PNC,
and NNI (Tables 1 and 2). Meanwhile, the minimum PNC and NNI to obtain the maximum maize yield
also showed inter-annual variation in both fields (Figure 2). This resulted in the year-to-year variability
of soil-specific EONR (Figure 3b–d). For the year of 2016, in black soil field with high soil buffering
capacity and fertility (total N and SOM), the relatively high GDD with well-distributed precipitation
would lead to a higher AGB and grain yield potential than in 2015 and 2017, a phenomenon noted also
in several other studies [40,61,62]. Furthermore, the synchronization of high GDD and well-distributed
precipitation in 2016 would lead to a higher soil nitrification rate [19,63] and would provide relatively
more soil N for the maize growth than in 2015 and 2017. As a consequence, in 2016 the minimum NNI
to obtained the maximum maize yield was the lowest among the three years. Therefore, the SS-EONR
for the black soil was lower in 2016 than in 2015 and 2017. On the other hand, in the year of 2015,
in aeolian sandy soil with low soil buffering capacity and fertility (total N and SOM), the severe drought
restricted the crop growth and yield formation, a phenomenon well described in another study [64].
Due to the low AGB and yield potential, the minimum NNI to obtain the maximum maize yield in the
aeolian sandy soil field was the lowest in 2015 among the three tested growing seasons. Therefore,
the SS-EONR for the aeolian soil was lower in the dry year (2015) than in 2016 and 2017.

Another question faced by scientists and the farmers is how planting density should be adjusted
for different soil types and weather conditions. Although, in this study, the planting density did not
have any significant effect on the yield, PNC, and NNI (Table 1), the soil-specific EONR still varied
among three weather conditions and planting densities, along with PFP and AE (Figure 4). Also,
the variability of the parameters was higher in the aeolian sandy soil field than in the black soil field.
The buffering capacity mainly comes from the texture and organic carbon. Therefore, in the fertile
black soil field with a higher buffering capacity, the production would in theory be less affected by
the varying conditions than in the barren aeolian sandy soil field. The barren aeolian sandy soil field
had a low yield potential and high variation in soil conditions, leading to high variation in AGB and
yield, which translated to high variation in EONR. Due to the relatively higher N uptake and AGB
accumulation at the relatively higher planting densities [37,65], the highest soil-specific AONRs were
defined in this study under the high (85,000 plants ha−1) planting density in the fertile black soil field
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and under the middle (70,000 plants ha−1) and high (85,000 plants ha−1) planting density in the aeolian
sandy soil field. Therefore, according to the PFP and AE with the highest values among three planting
densities, the middle (70,000 plants ha−1) and low (55,000 plants ha−1) planting densities with their
corresponding SYS-EONR would be the optimal N management strategy for maize production in
the black soil and aeolian sandy soil fields, respectively. The SS-EONR could be adjusted based on
the information about the soil properties, weather conditions, and planting density [66]. Through
the multiple linear regression analysis (Figure 5) performed in this study, the SYDS-EONR and the
obtained grain yield could be determined preliminarily using soil N, GDD, APP, and planting density.

4.3. The Potential Benefits of Applying Soil-Specific Economic Optimal N Rate

Currently, the RONR strategy recommended about 240 kg N ha−1 with 70,000 plant ha−1 for
this study region [8,9]. In this strategy, the N fertilizer is applied at a fixed rate and timing without
accounting for spatial and temporal variability in soil N supply and crop N demand. According to the
results of this study, the EONR changed dramatically from the black soil field to the sandy soil field
and from year to year, which confirmed the findings of the previous studies showing that an ONR
varied significantly in space and time [33–35]. The previous research demonstrated that soil-specific N
management could adjust the N fertilizer application to match crop requirement by identifying the
gap between soil N supply and crop N demand according to their spatial and temporal variation in a
particular growing season for a specific soil type [67,68]. Therefore, it is of great interest to learn how
much we can further improve N management using alternative strategies that are more complex and
accurate than the simple FNR and RONR strategies.

Across the two typical soils in this study region, with distinctly different soil properties,
compared with FNR, the soil-specific EONR strategies would decrease the N application rates with no
negative effect on maize yield, while increasing NR and NUE (Table 3 and Figure 6). When compared
with RONR, the soil-specific EONR strategies still showed the potential to decrease the N application
rates and increase NUE but with no negative effect on maize yield and NR. Meanwhile, because the
EONR showed higher variability in aeolian sandy soil than in black soil across different weather
conditions and planting densities (Figure 4), the soil-specific EONR strategies showed greater potential
in decreasing N application rates and increasing NUE in aeolian sandy soil than in black soil. Therefore,
the soil-specific EONR strategies have a great potential to be implemented to achieve high-yield and
high-efficiency maize production in China. Furthermore, because of the variation in weather conditions,
especially precipitation, EONR varied among different years (Figure 3). The SYS-EONR strategy would
perform better in increasing NUE than the SS-EONR strategy. Although the planting density had no
significant effects on grain yield and NR in this study (Table 1), the EONR was significantly affected by
it and the interaction among soil type, weather conditions, and planting density (Figure 4). Therefore,
the SYDS-EONR strategy would result in the highest potential benefits in reducing the N application
rate, and increasing NUE than the SS-EONR and SYS-EONR strategies (Table 3 and Figure 6).

These results indicated that soil-specific N management had the potential to increase N
management and improve NUE. The best improvement may be achieved in the coarse-textured aeolian
sandy soils and implementing the soil-, year- and planting density-specific EONR strategy. However,
it is a great challenge to determine soil- and year-specific planting densities and corresponding optimal
N rates across different farmers’ fields. Future studies are needed to use crop-sensing technologies
and crop growth modeling methods to guide in-season soil-specific N management under on-farm
conditions [5,43,69,70].

5. Conclusions

The future direction of world agriculture is towards high yield, profitability and resource use
efficiency. Due to the variation in soil properties, weather conditions, and planting densities, the optimal
N rate should be adjusted according to specific soil, weather, and planting density combinations.
The results of this study indicated that the average EONR in a fertile black soil field (265 kg ha−1)
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was higher than in an aeolian sandy soil field (186 kg ha−1). The variation in weather conditions
and planting density had significant effect on EONR, resulting in CV of 10% and 30% in black and
aeolian sandy soil fields, respectively. The optimal planting density was defined at 70,000 and
55,000 plants ha−1 for the black soil and aeolian sandy soil fields, respectively. The soil-specific EONR
management strategy performed better than RONR in reducing N application rate and improving
NUE. The best improvement was achieved using the SYDS-EONR strategy which considered the soil,
weather, and planting density combinations. More studies are needed to develop practical in-season
soil (site)-specific N management strategies to better account for soil, weather and planting density
variation under diverse on-farm conditions.
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Abstract: It has been assumed that the management of both soil and fertilizer N in winter oilseed
rape (WOSR) is crucial for N accumulation in seeds (Nse) and yield. This hypothesis was evaluated
based on field experiments conducted in 2008/09, 2009/10, 2010/11 seasons, each year at two sites,
differing in soil fertility, including indigenous N (Ni) supply. The experimental factors consisted of
two N fertilizers: N and NS, and four Nf rates: 0, 80, 120, 160 kg ha−1. Yield, as governed by site ×Nf

rate interaction, responded linearly to Nse at harvest. The maximum Nse (Nsemax), as evaluated by N
input (Nin =Ni +Nf) to WOSR at spring regrowth, varied from 95 to 153 kg ha−1, and determined 80%
of yield variability. The basic reason of site diversity in Nsemax was Ni efficiency, ranging from 46% to
70%, respectively. The second cause of Nse variability was a shortage of N supply from + 9.5 soil to
−8.8 kg ha−1 to the growing seeds during the seed filling period (SFP). This N pool supports the N
concentration in seeds, resulting in both seed density and a seed weight increase, finally leading to a
yield increase.

Keywords: seed density; N uptake; indices of N productivity; mineral N; indigenous Nmin at spring;
post-harvest Nmin; N balance; N efficiency

1. Introduction

Over the last four decades, oilseed rape (Brassica napus L., OSR) has become one of the most
important global oil crops. The main reason for the rise in OSR production was an intensive breeding
progress, resulting in new double 00 varieties which deliver plant oil of high consumption value [1,2].
Between 2009–2018, the world OSR harvested area increased from 31 million (mln) to 37 mln ha.
The world average yield for this period increased to about 2.0 t ha−1, being only slightly lower than
that recorded recently in Canada (2.2 t ha−1) [3]. The leading producers of OSR are Canada, China,
and the European Union (EU). Canada, which delivers about 25% of the world rapeseed production,
increased the sown area of this crop from 6.5 mln ha in 2009 to 9.1 mln ha in 2018 [3,4]. In the EU,
the leading producers of winter oilseed rape (WOSR) are Germany, France, and Poland. Seed yields in
these countries, in spite of high breeding progress, stagnated in the period extending from 2009 to
2018 [3,5].

The main constraints in WOSR production in the EU are weather conditions during the growing
season and soil fertility level [6]. The resistance of WOSR to frost does not depend only on temperatures
during winter but also on plants’ physiological status just before winter, which significantly affects
plant density [7,8]. Two basic yield components, i.e., seed density (SD, number of seed per m2) and seed
weight (thousand seed weight, TSW, g) are responsible for the final yield of WOSR. The first, dominant
component is SD, which is indirectly defined by plant density, number of pods (pod density, PD,
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pods per m2) [9]. The critical period of yield formation, referring to the development of primary yield
components, such as inflorescences and succeeding pods, extends from the budding stage up to the
pod full size [10]. One of the most specific characteristics of the yield development of WOSR is a strong
compensation mechanism, occurring between yield components during the period extending from
the onset of flowering towards the end of seed growth, i.e., maturity [11]. As reported by Berry and
Spink [12], the amount of water required by WOSR during this period to exploit its yielding potential
is 300 mm. Any unfavorable weather conditions during the spring vegetation lead to disturbance in
the development of yield components (PD and SD). Weather disturbance during pod and seed growth
negatively affects TSW [13,14].

The key nutrient responsible for yield formation by WOSR is nitrogen (N) [15,16]. This nutrient
affects the number of inflorescences, flowers, and finally pods and seeds. A balanced structure of
yield components depends on synchronization of a crop N requirement with its supply from both
soil and applied fertilizers [17,18]. In practice, N supply to a given crop is, in general, oriented on
the amount applied in fertilizers without considering soil resources. As a result of this fertilization
strategy, N fertilizer productivity is highly variable, being both in shortage or in excess with respect
to WOSR requirements during the critical stages of yield formation, leading in both cases to yield
reduction [16,19]. In some EU countries like Germany and the Netherlands, the N fertilization strategy
of crop plants is based on the measurement of the content of mineral N (Nmin) before the spring WOSR
regrowth [20]. This strategy, as has been documented recently, clearly shows that N use efficiency
(NUE) depends not only on the Nmin content in the root zone, but also on the content of 16 other
nutrients, like P, K, and Mg, being responsible for both N uptake, and its utilization by plants [21–24].
Any shortage of this set of nutrients at the onset of flowering and during the seed filling period (SFP)
leads to yield depression [11,25].

In spite of the extensive study on N supply to WOSR, and its impact on the development of yield
components, the yield prognosis based on Nmin content is good, but not satisfactory. The black box in
the effective management of N during the growing season of WOSR is a lack of knowledge on N release
from its soil resources during the spring vegetation [26]. The main reason for the necessity of the Nf

rate optimization is a huge variability in soil potential for release of Nmin, both in the period preceding
the spring vegetation and during the full season of WOSR growth [23]. The key question remains,
however, to what extent does the development of basic yield components depend on the indigenous
resources of N during WOSR spring vegetation? Is the soil N supply at the onset of flowering to WOSR
plants sufficient to meet the requirements of the growing pods and seeds? The scientific problem
focuses on the impact of three N sources, i.e., (i) N mineral soil resources, indigenous N (Ni) at the
beginning of spring WOSR vegetation; (ii) the optimum Nf rate; and (iii) the quantity of the soil Nmin

released during the spring vegetation on the degree of WOSR yield components expression, i.e., on the
sink capacity development as a prerequisite of high seed yield achievement.

The objective of the study was to define the impact of site-specific variability in in-season N
management during the WOSR growing season based on the amount of N accumulated in seeds,
and its relationship with the final yield.

2. Materials and Methods

2.1. Experiments Set Up

Three series of field experiments with winter oilseed rape (Brassica napus L.) were conducted
during the 2008/09, 2009/10, and 2010/11 seasons. Each year, two different fields (sites) were investigated.
Field experiments were conducted on soils with texture ranging from sand/sandy loam to sandy clay
loam, classified as Albic Luvisol. The content of the available nutrients (measured each year just after a
fore-crop harvesting from two soil depths of 0.0–0.3, and 0.3–0.6 m) ranged, depending on the nutrient,
from low to very high, and it was, in general, sufficiently high for covering the nutrient requirements
of the high-yielding WOSR (Table 1).
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The local climate, classified as intermediate between Atlantic and Continental, is seasonally
variable (Table 2). Precipitation during the period extending from January to July was for most of the
sites slightly higher than the long-term average, which amounted to 347.5 mm. Each year, the highest
amount of precipitation was recorded in July. In 2010, a severe shortage of precipitation was recorded
in June, a critical month with respect to pods and seed growth [14], but it was preceded by high
precipitation in May. Air temperatures were, with the exception of Wieszczyczyn in 2010, around the
long-term average.

2.2. Experimental Design

The field experiment was a balanced 2 × 4 factorial trial conducted on two different sites each year.
The first factor was the type of N fertilizer: (i) ammonium nitrate, 34-0-0, (ii) ammonium saltpeter with
ammonium sulfur, 32-0-0-5. The second factor was composed of three rates of nitrogen/sulfur plus
absolute N/S control. The arrangement of the 2nd factor was as follows:

(1) Control—PK + 0 N + 0.00 kg S ha;
(2) PK + 80 kg N ha−1 + 12.50 kg S ha−1;
(3) PK + 120 kg N ha−1 + 18.75 kg S ha−1;
(4) PK + 160 kg N ha−1 + 25.00 kg S ha−1.

The first N or NS rate of 80 kg N ha−1, together with the respective amount of S, was applied before
WOSR spring regrowth. The second N rate of 40 or 80 kg ha−1 was applied at the end of March or the
beginning of April. Amounts of applied phosphorus (P) and potassium (K) fertilizers were adjusted
to the actual status of P and K soil fertility level, and applied before WOSR sowing. P was used as
di-ammonium phosphate (18% N, 46% P2O5), and K as muriate of potash (60% K2O). The size of an
individual experimental plot was 400 m2 (9 × 44.4 m) The fore-crop for WOSR at all sites was winter
wheat. Standard tillage technology was applied for soil preparation for WOSR. Immediately after the
winter wheat harvest, phosphorus and potassium fertilizers were broadcast on the entire field and shallow
stubble ploughing (10–12 cm) + harrowing was done. Two or three weeks later, depending on the planned
sowing date, a standard ploughing to a depth of 25 cm was done with simultaneous soil compaction
with a Cambell roller. Seedbed preparation and seeding was conducted immediately after ploughing.
The amount of seeds, based on 1000 seed weight, was adjusted to reach a plant density at emergence
of 40–50 plants m−2. The row spacing was 12.5 or 25 cm, depending on the farm equipment. A robust
program to control all weeds, pests, and diseases was employed in accordance with standard farm practice
during the growing season, following integrated pest management (IPM) principles. In order to achieve
a homogenous stage of seed maturation (seed moisture of 8%), desiccants were applied. Harvest was
performed the earliest seven days later by a combine harvester from an area of 300 m2.
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2.3. Source of Primary Materials

Plant materials for the determination of dry matter and measurement of N concentration were
collected from an area of 1.0 m2 at BBCH 89 (maturity-nearly all pods are ripe, with dark, hard
seeds). Plant samples were taken from the same sowing rows across a particular experimental block.
The harvested plant sample was partitioned into a sub-sample of seeds, and post-harvest residues
(stem, fallen + remaining leaves, and threshed pods). At the stage of BBCH 89, three yield components
were analyzed: (i) the number of pods per m2 (pod density, PD), (ii) the number of seeds per pod,
Se/PD; (iii) the thousand-seed weight (TSW, g). The number of seeds per m2 (seed density, SD) was
calculated based on the first two components. Nitrogen concentration (Nc) in the plant samples was
determined using a standard macro-Kjeldahl procedure.

The soil content of NH4-N and NO3-N was determined in field-fresh (not air dried) soil samples
within 24 h after sampling. Twenty-gram soil samples were shaken for 1 h with 100 mL of 0.01 M
CaCl2 solution (soil/solution ratio 1:5 m/v). Concentrations of NH4-N and NO3-N were determined by
the colorimetric method using flow injection analyses (FIAstar5000, FOSS). The method of NO3-N
concentration analysis consists of two basic steps: reduction from nitrate to nitrite by using a cadmium
column, followed by colorimetric determination of nitrite, based on the Griess–Ilosvay reaction with
N-(1-Naphtyl) ethylene-diamine dichloride as a diazotizing agent. The measurement was performed
at a wavelength of 540 nm. To determine NH4-N, a special FOSS ammonia indicator (mixture of
cresol red, bromcresol purple, and bromothymol blue) was used. The measurement was made at a
wavelength of 590 nm. The total Nmin was calculated as the sum of NH4-N and NO3-N, and expressed
in kg ha−1. The Nmin content was calculated for a given soil layer, using indices which were constructed
based on the soil textural class and soil bulk density [28].

2.4. Calculated Indices/Parameters

Based on the amount of N in the respective parts of WOSR plants at physiological maturity (BBCH
89) and in the soil before spring regrowth and after harvest, the following indices have been calculated:

A Plant and nutrient indices:

1. Harvest index: HI = Y/TB · 100%, (1)
2. Nitrogen Harvest Index: NHI = (Nse/TN) · 100%, (2)
3. Partial factor productivity of Nf: PFPNf = Y/Nf (kg seeds kg−1 Nf, (3)
4. Agronomic N efficiency: AEN = (Yi − Y0)/Nf (kg seeds kg−1 Nf), (4)
5. Physiological Nf efficiency: PEN= (Yi − Y0)/(TNi − TN0) (kg seeds kg−1 NT), (5)
6. Apparent Nf recovery: RN = (TNi − TN0)/Nf · 100%, (6)
7. Unit Nitrogen Accumulation: UNA = Nse/Y (kg N t−1 seeds), (7)
8. Unit Nitrogen productivity: UNP = Y/Nse (kg seeds kg Nse), (8)

where: Y, Y0, Yi—seed yield, seed yield on the N control plot and N fertilized plots, t ha−1 or kg
ha−1; TB—total biomass—t ha−1 or kg ha−1; TN—total N uptake, kg ha−1; Nse—amount of N
in seeds, kg ha−1; Nf −N fertilizer rate, kg ha−1; TN, TN0, TNi—total amount of N in WOSR at
harvest for the N control and N fertilized plots.

B Soil nitrogen parameters:

1. N input: Nin = Nmins + Nf (kg ha−1), (9)
2. Mineral N balance: Nb = Nin − TN (kg ha−1), (10)
3. Net N gain: Ngain = Nminr − Nb (kg ha−1), (11)
4. Total N input: Nint = Nin + Ngain (kg ha−1), (12)
5. Nitrogen input efficiency: NEin = Nse/Nin · 100%, (13)
6. Total N input efficiency: NEint = Nse/Nint · 100%, (14)

where: Nmins—the amount of mineral N at the WOSR spring regrowth, kg ha−1; Nminr—the
amount of mineral N after WOSR harvest, kg ha−1.
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2.5. Statistical Analyses

The data were subjected to conventional analysis of variance using STATISTICA® 10
(StatSoft, Krakow, Poland). The distribution of the data (normality) was checked using the Shapiro–Wilk
test. The homogeneity of variance was checked by Levene’s test. The differences between treatments
were evaluated with Tukey’s test. In the second step principal component analysis (PCA) was used
to illustrate the dependence between amounts of N in a particular WOSR part, or in soil and yield
and its components. In the third step of the diagnostic procedure, stepwise regression was applied
to define an optimal set of variables for a given N characteristic. In the computational procedure,
a consecutive variable was removed from the multiple linear regressions in a step-by-step manner.
The best regression model was chosen based on the highest F-value for the model and the significance
of all independent variables.

3. Results

3.1. Yield and Its Components

Yield of WOSR was significantly determined by the interaction of Y × S ×N or by the interaction of
Y × F ×Nf (Table 3). It is necessary to stress that weather conditions during the spring vegetation were
favorable for WOSR growth. In each year of the study, the total amount of precipitation during the
period extending from the onset of flowering to seed maturity (FL-SM) was below 300 mm, as reported
by Berry and Spink [12] for British conditions, but it was above the long-term average for this region in
Poland (197 mm). The highest yield of 4.41 t ha−1 was obtained at Venetia with 299 mm of rainfall
during FL-SM, directly supporting the prognosis of Berry and Spink [12]. The effect of site on yield
was revealed in 2009 and 2011, and that of Nf in 2010 and 2011. Based on a simple regression analysis,
two distinct patterns of yield response to the increasing Nf rate were observed (Table A1). The quadratic
regression model, which prevailed in four sites, indicates a saturation status of Nf supply with respect
to the achieved yield. This conclusion is supported by the well-defined optimum N fertilizer rate
(Nfop) for the maximum achievable yield (Ymax) for a particular site. The calculated Nfop of 103.1, 142.7,
104.3, and 128.0 kg ha−1, resulted in a Ymax of 3.142, 3.629, 3.589, and 4.012 t ha−1. The pattern of yield
response to the Nf rate in the other two sites, representing Wi in 2010, and Ve in 2011, fitted the linear
regression model the best. This type of yield pattern clearly indicates that the applied Nf rate was too
low to reach the highest yield.

Total biomass of WOSR (TB) and harvest index (HI) were significantly affected by all studied
factors. In 2009 and 2010, the effect of weather on TB and HI was the most pronounced. Any increase
in TB resulted in a simultaneous, and at the same time, a significant drop in HI. In 2011, TB was on
average much lower compared to both previous years, but HI was significantly higher (29.8% vs. 22.6%
in 2009, and vs. 23.1% in 2010). In spite of the non-significant impact of HI on yield, a much higher
yield was recorded in 2011 (Table 3).

The key yield component, i.e., SD responded significantly, as in the case of yield, to the interaction
of Y × S ×N, and also to Y × F ×N. In 2009, the difference between sites reached 23.4%, whereas the
positive impact of NS fertilizer as compared to N alone was much lower, i.e., 5.2%. In 2010, neither
factors affected SD. In 2011, a pronounced effect on SD was exerted by the type of Nf fertilizer (+8% for
NS versus N alone). The impact of site on SD, and in consequence on yield was year-dependent.
A detailed analysis of SD response to the applied Nf rate clearly showed the occurrence of two
regression models, i.e., quadratic and linear (Table A1), which covered the same set of sites as described
previously for yield. This fact was documented by the strongest value of the correlation coefficient
between yield and SD (r = 0.84, Table A2).
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Table 3. Yield and yield components of winter oilseed rape.

Year

Treatments
Treatment

Level

Y TB HI PD SD Se/Po TSW

(Y) t ha−1 % No. m−2 No. pod−1 g

2009

Site Go 2.935a1 12.3a 25.7b 7878b 60.062a 8.1a 4.88b

(S) Ko 3.329b 17.2b 19.4a 7187a 74.128b 10.5b 4.53a

F-value *** *** *** *** *** *** ***

Fertilizer (F) N 3.068 14.1a 23.0b 7250a 65.403a 9.3 4.73

NS 3.195 15.4b 22.0a 7815b 68.787b 9.2 4.68

F-value n.s. *** * *** * n.s. n.s.

N rate (N) 0 2.506a 10.8a 25.9c 5259a 52.328 10.0b 4.78

kg ha−1 80 3.360b 15.4b 22.6b 7569b 72.697 10.0b 4.66

120 3.347b 16.8c 20.1a 9374d 70.929 7.8a 4.73

160 3.314b 15.9b 21.3ab 7929c 72.426 9.3b 4.65

F-value *** *** *** *** *** *** n.s.

2010

Site Bu 2.823 11.4a 24.8b 6217b 48.511 8.3a 5.76a

(S) Wi 2.921 15.1b 21.4a 5054a 46.635 9.4b 6.25b

F-value n.s. *** *** *** n.s. ** ***

Fertilizer (F) N 2.729a 13.6b 21.3a 5985b 46.028 8.3a 5.92a

NS 3.016b 12.9a 24.9b 5286a 49.119 9.4b 6.09b

F-value ** ** *** *** n.s. ** **

N rate 0 1.806a 6.82a 26.2b 2618a 31.610a 10.3b 5.65a

kg ha−1 80 3.117b 15.97c 21.2a 7096c 51.258b 7.2a 6.11b

120 3.211b 15.75c 21.9a 7004c 53.108b 8.2a 6.08b

180 3.355b 14.49b 23.1a 5823b 54.318b 9.6b 6.19b

F-value *** *** *** *** *** *** ***

2011

Site Ve 3.366a 12.2 28.4a 7494b 60.478 8.9a 5.51a

(S) Do 3.685b 12.0 31.1b 5658a 62.289 11.4b 5.93b

F-value 23.9 *** 0.94 13.7 *** 271 *** 1.84 49.4 *** 54.0 ***

Fertilizer (F) N 3.415a 12.1 28.9a 6585 59.015a 9.4a 5.77

NS 3.636b 12.0 30.6b 6567 63.753b 10.8b 5.67

F-value ** n.s. * n.s. ** *** n.s.

N rate 0 2.447a 9.5a 27.5a 4319a 44.552 10.9b 5.45a

kg ha−1 80 3.609b 12.3b 29.5ab 7130b 62.724 9.3a 5.77b

120 3.858c 12.8b 30.5b 6971b 65.904 10.1ab 5.86b

160 4.189d 13.7c 31.5b 7884c 72.355 10.2ab 5.80b

F-value *** *** ** *** *** * **

F-values for selected interactions

Year × Site × Fertilizer n.s. *** *** *** n.s. *** n.s.

Year × Site × N rate *** *** *** *** *** *** n.s.

Year × Fertilizer × N rate *** *** *** *** *** *** n.s.

Site × Fertilizer × N rate n.s. * ** *** n.s. * n.s.

Year × Site × Fertilizer × N rate n.s. *** *** *** n.s. *** n.s.

***, **, * significant at p < 0.001; p < 0.01; p < 0.05, respectively; n.s.—non significant; a1 within a year, means within
a column followed by the same letter indicate a lack of significant difference between the treatments. Y—yield;
TB—total biomass; HI—harvest index; PD—pod density; SD—seed density; Se/Po—number of seeds per pod;
TSW—thousand seed weight.

The second basic yield component, i.e., TSW responded mainly to site in particular years of study.
In 2009, a slightly lower TSW was the attribute of Ko, whose yield was significantly lower when
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compared to Go. In 2010, a significantly higher TSW was recorded for Wi, which yielded at the same
level as Bu. In 2011, a significantly higher TSW for Do was in accordance with a higher yield for this
site. In general, TSW showed a negative, but not significant relationship with SD, which indirectly
indicates the presence of a yield compensation mechanism, which is revealed during the SFP [9].

The other yield components, i.e., pod density (PD), and the number of seeds per pod (Se/Po)
exerted a much weaker impact on yield when compared to SD (Table A2). In 2009, the difference
between sites with respect to the degree of PD and TSW expression were more pronounced for TSW
than for PD (29.6% vs. 9.6%). In 2010, the opposite pattern was observed (13.3% vs. 23%). In 2011,
the yield compensation mechanisms were the highest, reaching 28% for TSW, and 38% for PD.

3.2. Characteristics of Nitrogen Accumulation Patterns at Harvest

The concentration of N in seeds (Nc) in all the study years responded mainly to site, and in 2010
and 2011, to the rate of applied Nf (Table 4). In 2009, a significantly higher Nc was determined in seeds
for Ko than for Go. A significant, but a slightly lower difference between sites was observed in 2010.
In 2011, the average seed Nc was the highest and the difference between fields was also very high.
In 2010 and 2011, the increasing Nf rate resulted in a progressive Nc increase. In spite of the significant
impact of site and the Nf rate, the interactional impact of all experimental factors on the Nc in seeds
was negligible. The impact of this seed characteristic on yield was positive, but not decisive (Table A2).

The strongest impact on yield was exerted by the amount of N accumulated in seeds at harvest
(Nse) (Table A2). This WOSR characteristic responded to the interaction of Y × S ×N, and Y × F × N.
The first interaction was significantly stronger (p ≤ 0.001 vs. p ≤ 0.01). A significant difference between
sites were recorded in 2009 and 2011. In 2009, the recorded difference reached 35.1%, but in 2011,
only 20%. However, both Nse and yield were higher in 2011. The effect of the Nf rate was recorded in
all years. As in the case of yield, Nse patterns followed the same type of regression model (Table A1).
The quadratic regression model, presenting a saturation level of Nse accumulation, was recorded in
three sites, i.e., at Go in 2009, at Bu in 2010, and at Do in 2011. The optimum Nfop rate for the Nsemax

was 92.3 for Go, 110.2 for Bu, and 157.2 kg ha−1 for Do. The respective Nsemax were as 96.2, 124.1,
and 154.1 kg ha−1. The linear regression model, representing the unsaturation pattern of Nse was
recorded in the other three sites.

The amount of N in WOSR residues (Nres) and the nitrogen harvest index (NHI) were highly
variable between sites within a particular year. The greatest difference between studied fields was
recorded in 2009, and resulted in the lowest yields. An opposite trend was recorded in 2011, when the
difference between fields was much lower, reaching only 30%, but WOSR yielded the highest. In 2009
and 2010, a significantly higher Nres was recorded for the plot fertilized with NS fertilizer. An opposite
trend was recorded in 2011. In this particular year, the applied NS fertilizer resulted in a significant
decrease of Nres, which corresponded to the higher seed yield. The NHI indicates the relative share of
Nse in the total WOSR biomass at harvest. A significant difference between sites was recorded in 2009
and 2010, but not in 2011, the year with the highest NHI. It is necessary to stress that NHI did not show
any significant relationship with the Nc in seeds and Nse, but was strongly, and negatively correlated
with Nres. Finally, NHI did not impact seed yield (Table A3).

Total N uptake (TN) was significantly driven by all the studied factors. The effect of N fertilizers
on TN was only significant in 2009, and 2010. The strongest response of TN to the increasing Nf rate
was observed in 2009, in which WOSR yielded the lowest, in spite of a very high value on the N control
plot. TN affected yield significantly, but at a much lower level as observed for Nse (Table A2).
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Table 4. Indices of nitrogen management by winter oilseed rape.

Year Treatments
Level of

Treatment

Nc Nse Nres TN NHI UNA UNP

% kg ha−1 kg ha−1 % kg N t−1 kg Seeds
kg−1 N

2009

Site Go 2.91a1 85.5a 55.1a 140.7a 64.3b 47.4a 22.1b

(S) Ko 3.47b 115.5b 113.1b 228.6b 50.6a 69.2b 14.6a

F-value *** *** *** *** *** *** ***

Fertilizer (F) N 3.18 97.9a 80.4a 178.3a 57.6 57.4 18.5

NS 3.21 103.2b 87.9b 191.0b 57.3 59.1 18.2

F-value n.s. * * *** n.s. n.s. n.s.

N rate (N) 0 3.22 81.2a 55.7a 136.8a 66.9b 53.9a 21.5b

kg ha−1 80 3.18 107.5b 86.9b 194.4b 56.4a 57.4ab 17.9a

120 3.18 106.4b 93.5bc 199.9bc 54.4a 59.8b 17.3a

160 3.19 107.1b 100.5c 207.5c 52.1a 62.1b 16.7a

F-value n.s. *** *** *** *** ** ***

2010

Site Bu 3.49b 99.1 58.2a 157.3a 63.0b 56.2a 18.2b

(S) Wi 3.37a 99.1 100.6b 199.7b 50.9a 68.0b 15.2a

F-value *** n.s. *** *** *** *** ***

Fertilizer (F) N 3.43 94.6a 77.1a 171.8a 56.0a 62.4 16.4a

NS 3.42 103.6b 81.7b 185.3b 57.9b 61.7 16.9b

F-value n.s. * ** *** * n.s. *

N rate (N) 0 3.25a 58.5a 39.1a 97.6a 60.4c 53.9a 18.6c

kg ha−1 80 3.39b 105.8b 105.5d 211.3b 51.4a 70.2c 15.2a

120 3.40b 109.4b 90.3c 199.8b 55.3b 63.4b 16.3b

160 3.67c 122.6c 82.8b 205.4b 60.8c 60.9b 16.6b

F-value *** *** *** *** *** *** ***

2011

Site Ve 3.29a 114.7a 58.1a 172.8a 65.8 49.7a 20.5b

(S) Do 3.75b 137.8b 75.8b 213.6b 64.5 58.1b 17.4a

F-value *** *** *** *** n.s. *** ***

Fertilizer (F) N 3.56 124.1 70.3b 194.4 64.3 55.4b 18.5

NS 3.48 128.4 63.6a 192.0 65.9 52.4a 19.5

F-value n.s. n.s. * n.s. n.s. * n.s.

N rate (N) 0 3.24a 84.3a 49.4a 133.7a 64.2 51.1 20.1

kg ha−1 80 3.52ab 128.0b 70.0b 197.9b 64.5 54.9 18.4

120 3.53ab 134.4b 71.3b 205.7b 64.2 53.2 19.4

160 3.79b 158.3c 77.1b 235.4c 67.7 56.5 18.0

F-value * *** *** *** n.s. n.s. n.s.

F-value for selected interactions

Year × Site × Fertilizer n.s. n.s. *** *** *** *** **

Year × Site × N rate n.s. *** *** *** *** *** ***

Year × Fertilizer × N rate n.s. ** ** n.s. *** ** n.s.

Site × Fertilizer × N rate n.s. n.s. *** *** ** *** ***

Year × Site × Fertilizer × N rate n.s. n.s. *** *** *** *** ***

***, **, * significant at p < 0.001; p < 0.01; p < 0.05, respectively; n.s.—non significant; a1 within a year, means within a
column followed by the same letter indicate a lack of significant difference between the treatments. N—N content in
seeds; Nse, Nres—the amount of N in seeds, harvest residues, respectively; TN—total amount of N in WOSR at
harvest; NHI—nitrogen harvest index; UNA—unit N accumulation, UNP—unit N productivity.
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In agronomic practice, two indices are used which are reciprocal to each other, i.e., unit N
accumulation (UNA) and unit N productivity (UNP). In spite of this, the relationship between both
indices was not linear, and was expressed by the power function the best:

UNP = 993.7UNA−0.996 for n = 24, R2 = 0.99 and p < 0.001. (15)

This type of relationship clearly shows that the unit productivity of N accumulated by WOSR at
harvest was the highest when its accumulation was low, decreasing exponentially with its increase.
Both indices responded to the interaction of all studied factors. The greatest difference for UNA,
reaching 46%, between sites was recorded in 2009. This difference was slightly higher, with respect to
UNP (51%). The smallest difference was recorded in 2011 (17%, 18%, for UNA and UNP, respectively).
The effect of Nf type was, in general, low, being in most cases not significant. The effect of the increasing
Nf rate was site specific. The most conspicuous impact of UNA was recorded for TN and HI. The first
WOSR characteristic responded positively, but the second negatively to UNA increase (Table A2).

The applied principal component analysis (PCA) clearly revealed the distinct impact of yield
components and crop N indices on the WOSR final yield. PCs with eigenvalues greater than 1.0 were
used as a primary criterion to determine the number of PCs. The first four PCs accounted for 92.27% of
the total variance in the data (Table A3). However, only the variables with scores on PCs over 0.70
(R2 > 0.50) were taken into consideration. PC1 and PC2 contributed to 49.43% and 22.12% of the
total variance, respectively. Four of the nine variables had high loadings on PC1, fulfilling the chosen
criteria. The highest, and at the same time positive loadings, were recorded in descending order (r) for
Y =Nse = TN > SD. The required criteria for PC2 were reached for PD, and for PC3 for Se/Po (negative).
PC4 had a positive loading for UNA. The studied variable weight was evaluated by the Eigen vector,
which varies between −1 to +1. The Eigen vectors for the examined variables were broadly scattered
on the two first PCA axes (Figure 1a). The closest to an absolute of 1 were TN, Nse, and Y. The distance
of Nse to Y, as seen from Figure 1b, was the closest among the studied N indices and yield components.
The Nc in seeds exerted the same loading on both PC1 and PC2 axes (Table A3).

3.3. Indices of Fertilizer N Management

The partial factor productivity of fertilizer N (PFPN) is the basic index, describing the productivity
of applied Nf [29]. In the studied case, PFPN was significantly driven by Y × S × N, and Y × F × N
interactions (Table 5). The PFPN indices in 2011 were the highest, and the difference between sites
was small (5.3%). The lowest PFPN indices, but at the same time, the highest difference between sites,
were recorded in 2009 and 2010 (13%). The PFPN decreased in accordance with the progressively
increasing Nf rate, irrespective of other factors.

The next index, i.e., agronomic efficiency of Nf (AEN) was driven by the same set of factors as
PFPN. A significant, and at the same time, a very strong difference between fields was recorded in 2010
and 2011, reaching 137% and 81%, respectively. The effect of the type of N fertilizer was significant in
all of the studied years, clearly indicating a significantly higher N net productivity in the presence of
sulfur. The highest AEN increase in response to the NS fertilizer was recorded in 2011, a year with the
highest yields. The lowest drop in AEN in response to the increasing N rates was also recorded in 2011.
It was twice as low as recorded in 2010, when it was the highest.
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Table 5. Indices of nitrogen management by WOSR.

Year Treatments Level of Treatment
PFPN AEN PEN RN

kg kg−1 %

2009

Site Go 28.3a1 7.3 6.3b 72.6b

(S) Ko 32.1b 8.3 3.5a 39.8a

F-value *** n.s. *** ***

Fertilizer N 29.4a 7.0a 3.2a 46.4a

(F) NS 31.0b 8.6b 6.5b 66.0b

F-value * * ** ***

N rate 80 42.0c 11.0b 8.5b 71.9b

(N) 120 27.9ab 7.2a 3.9a 52.5a

kg ha−1 160 20.7 5.2a 2.3a 44.2a

F-value *** *** *** ***

2010

Site Bu 30.8b 18.0b 21.8b 103.9b

(S) Wi 27.5a 7.6a 7.5a 94.2a

F-value ** *** *** *

Fertilizer N 27.6a 11.3a 13.2 90.9a

(F) NS 30.6b 14.3b 16.2 107.2b

F-value ** ** n.s. ***

N rate 80 39.7c 17.1b 25.6b 144.6c

(N) 120 26.8b 11.7a 11.7a 85.1b

kg ha−1 160 21.0a 9.7a 6.7a 67.4a

F-value *** *** *** ***

2011

Site Ve 33.6a 15.9b 13.1b 79.2b

(S) Do 35.4b 8.8a 5.2a 50.0a

F-value * *** *** ***

Fertilizer N 32.7a 10.6a 7.2a 61.9

(F) NS 36.2b 14.2b 11.2b 67.3

F-value *** *** *** n.s.

N rate 80 45.1c 14.5b 12.7b 75.7

(N) 120 32.2b 11.8a 7.2a 56.9

kg ha−1 160 26.2a 10.9a 7.7a 61.2

F-value *** *** *** n.s.

F-value for selected interactions
Year × Site × Fertilizer n.s. n.s. n.s. ***

Year × Site × N rate *** *** *** ***

Year × Fertilizer × N rate *** **** **** n.s.

Site × Fertilizer × N rate n.s n.s n.s **

Year × Site × Fertilizer × N rate n.s n.s n.s **

***, **, * significant at p < 0.001; p < 0.01; p < 0.05, respectively; n.s.—non significant; a1 within a year, means within a
column followed by the same letter indicate a lack of significant difference between the treatments. PFPN—partial
factor productivity of fertilizer N; AEN agronomic efficiency of fertilizer N; PEN—physiological efficiency of fertilizer
N; recovery of fertilizer N.
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The physiological N use efficiency index (PEN), describing the utilization efficiency of N taken up
by a plant during the growing season, significantly responded to the same set of factors as described
for AEN. Each year, the differences between sites were extremely high. In 2009, a net productivity of
1.0 kg of N taken up by WOSR plants was 80% higher in the field located at Go, as compared to Ko.
In 2010, the observed difference between sites was twice as high. In 2011, the difference between sites
was much smaller, but also high, amounting to 152%. The effect of NS fertilizer was as a rule positive,
and a significant response to S was observed in 2009 and 2011. The effect of the increasing Nf rate on
PEN was clearly demonstrated in 2009 and 2010, decreasing in accordance with the increased Nf rate.
In 2011, index stagnation in plots fertilized with N at the rate of 120 and 160 kg ha−1 was recorded.

Nitrogen recovery (RN) reveals the contribution of N fertilizer in the total N taken by a crop during
the growing season. RN indices responded significantly to all the studied factors, including years.
The highest RN values were recorded in 2010, exceeding 100% in the field located at Bu (105%). In this
particular year, the difference between sites was low (9.7%). The lowest RN of 39.8% was recorded
in 2009 at Ko, being, however, twice as high at Go. The same trend was recorded in 2010, but the
difference between sites was 29.2%. The effect of NS fertilizer on RN was as a rule positive, but not
significant in 2009. A positive impact of NS on RN was noted in 2009 at Ko; in 2010 at Wi, and in 2011
at Ve. The effect of the increasing Nf rate on RN showed the same pattern, as presented for the other N
indices. In 2010, it exceeded 100% on plots fertilized with Nf at the rate of 80 kg ha−1.

Figure 1. Score plot of WOSR components and nitrogen indices in PC1 and PC2 axes (a) and PC1 and
PC3 axes (b). Y—yield, SD—seed density, PD—pod density, TSW—thousand seed weight, TN—total
nitrogen, Nc—N concentration in seeds, Nse—N accumulated in seeds, UNA—unit N accumulation.
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3.4. Indices of Soil N Management

Nitrogen input (Nin) is composed of two N mineral sources. The first, internal (indigenous) source,
is soil mineral N measured in spring (Nmins), which is recorded in the soil at the onset of WOSR spring
regrowth. The second one is the amount of Nf applied to the growing crop during spring vegetation [23].
In the studied case, the Nf rate was 80, 120, and 160 kg ha−1 (Table 6). Due to a fixed amount of applied
Nf, it was not possible to evaluate Nin statistically. In spite of this, the difference between sites was the
most pronounced in 2011 (90%), followed by 2009 (33%), and the least pronounced in 2010 (12%).

The residual N (Nminr) is the amount of Nmin measured just after WOSR harvest. This N
characteristic showed a significant impact of all studied factors. As in the case of yield, Nminr was
evaluated based on the Y × S ×N interaction. The difference between sites was evaluated based on two
indices, referring to the Nminr content on the N control plot and to its maximum value, as an indicator
of the applied rate of Nf:

1. The Nminr content on the N control plot:

a. Go (52.0) < Do (83.5 < Bu (98.3) ≤ Ko (102.5) <Wi (117.2) < Ve (146.1 kg ha−1).

2. The maximum Nminr content:

b. Go (85.6) < Ko (102.5) < Bu (111.8) ≤Wi (119.5) ≤ Do (121.1) < Ve (146.1 kg ha−1).

3. The net Nminr increase with respect to the N control:

c. Do (+37.6) > Go (+33.5) > Ko (+18.6) > Bu (+13.5) >Wi (+2.3) > Ve (+0.0 kg ha−1)

The highest amount of residual Nmin was recorded, irrespective of the applied Nf rate, at Ve.
The lack of differences between the control N plot and the Nf highest rate indicates that N was taken up
by WOSR plants with the same efficiency. For other fields, the net effect of Nf was highly diversified
between years and sites. The difference between sites in 2011 was very strong (47%). In the case of Do,
the Nminr content increased progressively with the increased Nf rate. The lowest amount of Nminr was
recorded in 2009 and the difference between sites was significant (27%). In the case of Go, the amount
of Nminr increased linearly with the applied Nf rate.

Nitrogen balance (Nb) was significantly driven by all factors in the study. A positive Nb value
indicates the presence of a sufficiently high pool of Nmin present in spring. A negative Nb value
indicates Nmin net release from soil resources during the growing season. The differences between
sites in particular years were extremely high. A positive Nb was registered in two sites, i.e., in 2009
for Go, and in 2011 for Ve. In the other four sites, a high release of Nmin from soil resources during
the growing season was recorded. In the first two years, Nb was negative, irrespective of the type of
applied N fertilizer. A quite opposite trend was revealed in 2011. The effect of increasing Nf rates was
year specific. In 2009, negative Nb values were recorded on plots with low N rates (up to 80 kg ha−1).
In 2010, the observed trend was opposite. In 2011, Nb decreased with the Nf rate increase.

The next characteristic of N management during the growing season is Ngain, i.e., the net amount
of N taken up by a crop from soil N resources during the growing season. Its variability was most
affected by the interactional effect of Y × S ×N. The impact of years was tremendous. In 2009, Ngain

was positive, and the difference between fields was 10-fold. In 2010, Ngain was extremely high, and the
difference between sites was high, but much smaller when compared to 2009. A 4-fold difference
between sites was observed in 2011. The effect of N fertilizer type appeared only in 2009 when the
application of NS fertilizer increased the net amount of Nmin by 19%. The effect of increasing N rates
on Ngain followed two patterns (Table A4), linear (Ko, Ve, Do), and quadratic (Go, Bu, Wi).
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Table 6. Indices of nitrogen management in the soil/plant system.

Year Treatments Level of Treatments
Nin Nminr Nb Ngain Nint

kg ha−1

2009

Site Go 199.2 74.1a1 56.6b 17.5a 216.7a

(S) Ko 149.7 94.4b −78.9a 173.3b 323.0b

F-value n.a. *** *** *** ***

Fertilizer (F) N 174.5 82.3 −4.8b 87.1a 261.5a

NS 174.5 86.2 −17.5a 103.7b 278.2b

F-value n.a. n.s. *** *** ***

N rate (N) 0 84.5 77.3a −56.1a 133.4d 217.9a

80 164.5 80.0a −29.9b 109.9c 274.3b

120 204.5 87.8ab 4.6c 83.3b 287.7bc

180 244.5 92.0b 36.9d 55.1a 299.5c

F-value n.a. ** *** *** ***

2010

Site Bu 156.0 104.9a −1.3b 106.2a 262.2a

(S) Wi 139.0 115.6b −60.7a 176.3b 315.3b

F-value n.a. ** *** *** ***

Fertilizer (F) N 147.5 116.8b −24.3 141.1 288.6

NS 147.5 103.6a −37.8 141.3 288.8

F-value n.a. *** n.s. n.s. n.s.

N rate (N) 0 147.5 104.0a 49.9b 54.1a 201.6a

80 147.5 113.4ab −63.8a 177.2b 324.7b

120 147.5 117.1b −52.3a 169.4b 316.9ab

180 147.5 106.4ab −57.9a 164.2b 311.7ab

F-value n.a. * *** *** ***

2011

Site Ve 275.0 147.2b 102.2b 45.0a 320.0

(S) Do 145.0 100.4a −68.6a 169.0b 314.0

F-value n.a. *** *** *** n.s.

Fertilizer (F) N 210.0 122.2 15.6 106.6 316.6

NS 210.0 125.4 18.0 107.4 317.4

F-value n.a. n.s. n.s. n.s. n.s.

N rate (N) 0 210.0 114.8ab 76.3b 38.5a 248.5a

80 210.0 113.1a 12.1ab 101.0ab 311.0b

120 210.0 133.2ab 4.3a 128.9b 338.9c

180 210.0 134.1b −25.4a 159.5b 369.5d

F-value n.a. ** ** ** ***

F-values for selected interactions

Year × Site × Fertilizer n.a. *** *** n.s. n.s.

Year × Site × N rate n.a. *** *** *** ***

Year × Fertilizer × N rate n.a. ** n.e. ** **

Site × Fertilizer × N rate n.a. ** *** ** **

Year × Site × Fertilizer × N rate n.a. n.s. *** * *

***, **, * significant at p < 0.001; p < 0.01; p < 0.05, respectively; n.s.—non significant; n.a.—non analyzed. a1 within
a year, means within a column followed by the same letter indicate a lack of significant difference between the
treatments. Nin—indigenous N (Ni) + fertilizer N (Nf); Nminr—residual Nmin (post-harvest Nmin); Nb—N balance;
Ngain—N mineralized during the growing season and incorporated into WOSR biomass; Nint—total N input into
the soil/plant system during the growing season.
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Total N input (Nint) responded almost to the same set of factors and their interactions as recorded
for Ngain. A significant impact of site was recorded in 2009 and 2010 but not in 2011, during which
WOSR yielded the highest. The effect of N fertilizer type was the same as observed for Ngain. The effect
of N rates was year specific. The effect of increasing N rates on Nint followed two patterns linear
(Ko, Ve, Do), and quadratic (Go, Bu, Wi), i.e., showing a high resemblance to Ngain patterns (Table A4).

4. Discussion

The yield of any crop, including WOSR, is highly variable, being affected by three key factors:
(i) the course of weather during the growing season, (ii) soil fertility level, and (iii) N supply to plants
during the critical periods of formation of yield components [22,30]. Four criteria were chosen for the
evaluation of year-site differences in yield:

1. Seed density (SD);
2. Amount of N in seeds (Nse);
3. N sources: indigenous N in spring, fertilizer N, in-season N (Nin, Nint);
4. N productivity (PFPNin, PFPNint).

4.1. Seed Density and Yield

The basis of a soil productivity evaluation in a field experiment is the yield obtained on a plot
without application of fertilizer nitrogen (Nf), i.e., N control plot. A crop response to the applied Nf

indicates its potential productivity, assuming an optimization of N supply [15,30]. The study clearly
showed that the natural, indigenous productivity of the studied sites, with respect to its content in
spring (Nmins), differed significantly. The order of sites, assuming a 10% difference between sites
[(Sn-Sn-1)/Sn < 0.1], as the discrimination criterion was as follows:

Do (2.93) ≥ Ko (2.65) > Go (2.28) ≥Wi (2.10) ≥ Ve (2.01) > Bu (1.41 t ha−1).

The order obtained clearly indicates that the fields located at Do and Ko were, irrespective of year,
the most productive. On both these sites, the indigenous N content in spring was low compared to the
other sites, but the content of available K and Mg was high, consequently creating favorable conditions
for enhancing N productivity, as corroborated by high values of the PFPN index (Tables 2 and 5).
It has been recently documented that a shortage of these nutrients disturbs the development of yield
components during both the onset of flowering and SFP [11,25,31,32]. The second group of studied
sites, showing a relatively high Ni productivity, comprised three sites, i.e., Go (2009), Wi (2010), and Ve
(2011). The main reason for the high yield was the high content of Nmins at Go and Ve, which exceeded
100 kg ha−1 (Table 1). The fertility level of soil at Wi, including Nmins content, was only moderate.
The third group, with the lowest yield, comprised only one site, i.e., Bu (2010).

A different order of sites was obtained based on the Nf optimum (Nfop) or Nfmax, taking into
account the mode of yield response to the applied Nf, i.e., quadratic and linear, respectively:

1. Ve (4.46) > Do (4.01) ≥Wi (3.79) ≥ Ko (3.63) = Bu (3.59) > Go (3.14 t ha−1);
2. Yield increase: Ve (+2.45) > Bu (+2.18) >Wi (+1.69) > Go (+1.38) > Do (+1.08) ≥ Ko (+0.98).

The highest yield was harvested at Ve, where it increased linearly in relation to the applied Nf.
The same type of response was found for Wi, but at a much lower level. This type of WOSR response
to Nf indicates that the Nf rate of 160 kg ha−1 was too low to maximize crop productivity in these
two sites. A limited supply of N to WOSR plants during pre-flowering growth results in a significant
decrease in PD and SD, i.e., yield components determining the sink strength [11,33]. A slightly lower
yield response to Nf, as compared to Ve, was recorded for Bu. In this site, a Nf of 104.3 kg ha−1 was
sufficient to reach the maximum yield. The same type of response was the attribute of the other three
sites, located at Go, Do, and Ko. The quadratic response model of Nf impact on WOSR yield indicates
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the occurrence of factors constraining Nf productivity. In this case, the most probable reason for the
limited Nf productivity was the shortage of nutrients other than N during SFP, which are responsible
for the supply of assimilates to the growing pods and seeds [34,35].

Yield of WOSR was significantly driven by SD. The course of weather in a particular growing
season was revealed as a decisive factor, impacting the course of the obtained trends. As shown in
Figure 2, WOSR yield in 2009 fitted the quadratic regression model the best, indicating a saturation
status of SD. In this exact year, an SD of 90.2 m−2 resulted in the Ymax of 3.661 t ha−1. In the other two
years, irrespective of the site, yield increased linearly with the increased SD. The impact of the N pools
on SD was analyzed based on the effect of:

(1) Indigenous N (Nmins, control N plot):

Ko (57707) > Do (49646) ≥ Go (49562) > Ve (39935) >Wi (34135) > Bu (27745 seeds m−2).

(2) N input (Nin) for Nfop or Nfmax for respective treatments:

Ko (83612) ≥ Ve (76463) >Do (67810) ≥ Go (66312) ≥ Bu (59755) ≥Wi (56359 seeds m−2).

The net SD increase in response to Nfop or Nfmax was as follows:

Ve (36528) > Bu (32010) > Ko (25905) >Wi (22224) > Do (18164) ≥ Go (16750 seeds m−2).

Figure 2. Regression models of seed yield response to seed density in particular years.

The obtained order of sites clearly stresses the impact of Nf on SD, which was the highest in the
most productive sites with respect to the agronomy class, i.e., at Ve, and Bu. However, SD depends
not only on the supply of N but also on the supply of other nutrients such as K and Mg during
SFP [25,31,36]. The final yield of WOSR does not depend only on SD but is significantly corrected by
the supply of assimilate to the growing seeds during the SFP [34]. The lower yield, as recorded in 2009,
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irrespective of the site, was due to lower TSW, in spite of a reasonably high SD (Table 3). The observed
phenomenon, known as the yield compensation mechanism, can be explained by a natural decrease in
radiation use efficiency in WOSR during SFP [37]. In fact, the lower TSW was due to a significantly
higher SD, resulting in a dilution of dry matter in the growing seeds.

4.2. Seed Nitrogen as Yield Driver

As shown in Figure 1a,b, the amount of N accumulated in seeds at WOSR harvest, i.e., seed
nitrogen (Nse), showed the strongest impact on yield. A close relationship was observed between Nse,
treated as a single predictor, and yield. The relationship obtained followed the linear regression model:

Y = 0.023Nse + 0. 685 for n = 24, R2 = 0.92, and p ≤ 0.001. (16)

The regression model developed clearly shows that any increase in the Nse at harvest resulted
in the higher yield of seeds. The relationship obtained is corroborated by the simultaneous increase
in both Nse and yield in response to the progressive Nf rate (Tables 3 and 4, and Table A3). An Nse

increase is also recorded after application of other nutrients, resulting in an increase of N content in
WOSR seeds [35,38]. As reported by Fordoński et al. [19], the significant relationship between Nc in
seeds and yield was only found when wheat was a preceding crop for WOSR, but not when this crop
followed peas or faba beans. This type of dependency indicates a lower supply of N to WOSR when
cereals preceded WOSR. The finding obtained as shown by Equation (16), is indirectly supported by
the study by Hoffmann et al. [13], who presented data on Nse, but without an analysis of its relationship
with yield. The regression model developed based on Hoffmann’s data gave an even better estimation
of WOSR yield dependence on Nse than our own:

Y = 0.038Nse + 0.948 for n = 16, R2 = 0.95, and p ≤ 0.001. (17)

The high reliability of these two presented regression models indicates the significant response
of Nse to the applied Nf rates. There remains, however, a question concerning the yield forming
importance of Nse, which summarizes the effect of two components, i.e., SD and the Nc in seeds at
harvest. As shown in Tables 3 and A1, SD responded significantly to the applied Nf rate, but the type
of response was site-specific. In four of six sites, the effect of Nf followed the quadratic regression
model, indicating a saturation SD status with respect to the rate of applied Nf. In the other two cases,
the Nf rate was too low to maximize SD, subsequently indicating a shortage of N supply to the growing
pods and seeds during the SFP. This model also indicates a lack of synchronization between the rate of
seed growth and the rate of N remobilization from vegetative WOSR organs during SFP [11]. The Nc

in seeds, with the exception of 2009, increased progressively with the applied Nf rate. As a result,
WOSR seeds in these two years, in spite of the same SD, accumulated significantly more N (Figure 3).
The direction coefficient for the 2010/2011 regression model was by 50% higher as compared to that
developed for 2009. The difference obtained indicates, irrespective of weather, a better supply of N to
the growing seeds during SFP, consequently resulting in higher yield (Equation (16). These two models
clearly support the hypothesis of the sink strength dominance over the source strength with respect
to seed yield [39]. The result obtained clearly demonstrates that WOSR plants well-supplied with N
during the SFP have a potential to minimize the competition for assimilates between growing seeds
and their weight (TSW), consequently leading to a higher seed yield [11]. In this study, yield showed,
in spite of the important impact of weather in consecutive years, a positive and significant response to
all yield components:

Y = −4.26 *** + 0.0002PD ** + 0.11Se/PD ** + 0.0003SD *** + 0.61TSW *** for n = 24, R2 = 0.99. (18)
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Figure 3. Regression models of seed density impact on the seed nitrogen.

4.3. Impact of the In-Season N Supply on Nse and Yield

In this study, it has been assumed that Nse is significantly affected by the N supply to WOSR
plants during the growing season. The total pool of N, termed as total N input (Nint) is composed
of three sub-pools. The first N source, defined in this study as the N input (Nin), comprised two
sub-pools of N. The first one, the indigenous N (Ni), is equal to the Nmins content in the rooted soil
zone in spring [17,21,23]. The Ni affects Nse on the N-non fertilized plot. The second N source for
WOSR plants during the growing season is equal to the N dose applied in fertilizer. The third N pool
is the amount of N released from N soil resources during WOSR spring vegetation. The maximum Nse

depends, however, on the optimum N supply to WOSR from all N pools (Nintop) or to its maximum
(Nintmax) supply. These three N pools were used as criteria for a site evaluation with respect to Nse:

(1) Nse response to Ni:

Do (102.5) ≥ Ko (93.1) >Wi (71.0) ≥ Go (66.7) ≥ Ve (66.1) > Bu (46.1 kg ha−1);
(2) Nse response to Nin, i.e., Nseinop or Nseinmax:

Do (153.2) ≥ Ve (145.8) > Ko (131.2) ≥Wi (125.2) ≥ Bu (124.2 kg ha−1) > Go (95.1, kg ha−1);
(2′) Nse net increase with respect to the N control:

Ve (+79.7) ≥ Bu (+78.1) >Wi (+54.2) ≥ Do (+50.7) > Ko (+38.1) > Go (+28.4 kg ha−1);
(1) Nse response to Nint, i.e., Nseintop or Nseintmax:

Do (162.7) ≥ Ve (152.9) > Ko (135.1) ≥ Bu (123.0) ≥Wi (116.4) > Go (91.9, kg ha−1);
(3′) Nse net increase with respect to Nin:

Do (+9.5) > Ve (+7.8) > Ko (+3.9) > Bu (−1.2) > Go (−3.2) >Wi (−8.8 kg ha−1).

The first row clearly shows that fields at Ko and Do were naturally the most productive, as results
from the highest Nse at harvest. On the opposite site are fields at Bu and Ve, which increased Nse

the highest in response to Nf application during the growing season. The third group of sites is
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represented by the field at Go, which showed only a moderate productivity of Ni and low response to
Nf. The highest productivity of N as recorded in 2011 was due to a high response of Nse to the amount
of N released from the soil N resources during the spring growing season. The shortage of N supply to
WOSR plants from the indigenous N pools during the spring growing season, as recorded for three
sites, i.e., Bu, Go, and Wi, resulted in yield stagnation. The results obtained explain the observation
presented by Grzebisz et al. [11]. According to these authors, the shortage of N during SFP, leads to
an SD decrease, consequently resulting, as shown this study, in a decline of both, i.e., Nse and yield.
This study corroborates the observation by Barłóg and Grzebisz [15], who documented that the Nc in
leaves at the onset of pod growth (BBCH 71) is probably due to a net supply of N to the growing seeds,
which explains 81% of yield variability.

The Nsemax, irrespective of the N pool, was revealed as a significant discriminator of the studied
sites with respect to yield (Table A5). The linear regression model obtained showed the same level
of accuracy for Nin and Nint in yield prediction (Figure 4). The lowest WOSR yield as a result of low
Nsemax was characterized by the field located at Go. The main reason for low Nsemax was the low
efficiency of N in the soil/WOSR system (46% vs. 37% for Nin and Nint, respectively). The second group,
with a significantly higher Nsemax, concomitant with a moderate yield level, comprised three sites, i.e.,
Ko, Bu, and Wi. This group was characterized by a high efficiency of Nin (60–70%), but a low efficiency
of Nint (32–38%). The gap obtained indicates a low efficiency of N released from soil N resources
during the growing season. The third group comprised two sites, i.e., Do and Ve, which yielded the
highest due to both a much higher Nsemax, and Nint efficiency. The key difference between these two
sites resulted from differences in N efficiency. The field located at Ve was characterized by a moderate
use efficiency of Nin (58%), and the field located at Do by the high efficiency of Nint (44%).

Figure 4. WOSR yield prognosis based on Nsemax calculated for the N input to the soil/plant system at
the beginning of WOSR spring regrowth and its total input.

The next question formulated during the study referred to the applicability of Nf, Nin, and Nint

as yield prognostic tools. Excluding Nf, because its rates were the same in all experiments, the yield
prognosis, based on Nin and Nint, was slightly better for the total N input:

(1) Nin: Y = −0.000034Nin
2 + 0.0178Nin + 1.324 for n = 24, R2 = 0.48, p ≤ 0.05, (19)
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(2) Nint: Y = 0.009NinT + 0.592 for n = 24, R2 = 0.61, p ≤ 0.001. (20)

The maximum yield, calculated based on equ. 19, for the Ninop of 261.8 kg ha−1 was 3.654 t ha−1.
The linear model for Nint corroborates the importance of N released during the SFP for exploitation of
the WOSR yielding potential due the better supply of N to the growing seeds.

Nitrogen use efficiency (NUE) can also be used as a criterion for site discrimination with respect to
the key yield driving factor, i.e., Nse. The NUE indices as shown in Table 5, in a major part corroborate
the opinion expressed by Bouchet et al. [40] about the limited possibility of NUE improvement with
respect to the increase of the seed yield of WOSR. The results obtained are in line with this opinion
because the developed NUE indices, such as PFPN, AEN, PEN, R decreased in accordance with the
increasing Nf rate (Table 5). In spite of this, the best criterion for the study site discrimination was the
PFPN, but only for an Nf rate of 160 kg ha−1. The order of sites obtained based on the PFPN160 was
as follows:

Ve (27.9) > Do (24.5) ≥Wi (23.6) ≥ Ko (23.0) > Go (18.4) ≥ Bu (18.3; kg seeds kg−1N).
The order obtained was significantly correlated with Nsemax, as calculated, based on Ninop/max

or Nintop/max:

(1) Nin: Nsemax = 4.279PFPN160 + 32.36 for n = 6, R2 = 0.61, p ≤ 0.05, (21)

(2) Nint: Nsemax = 5.248PFPN160 + 11.65 for n = 6, R2 = 0.57, p ≤ 0.05. (22)

These two equations are contradictory to the opinion expressed by Bouchet et al. [40].
The relationships obtained clearly showed that Nse responded positively to the increasing PFPN,
including the site factor. This seemingly contradictory effect of N fertilizer on WOSR yield and NUE
indices indirectly corroborates the hypothesis on Nse as the driving yield factor. This hypothesis is in
accordance with the sink hypothesis presented by Körner [39]. This author clearly stated that sink
strength in seed crops is a factor determining the source activity, and the consequent yield. On the
other hand, too high Nc in seeds leads to decline in the crude oil concentration [41].

5. Conclusions

The study showed the occurrence of two different season-site N management strategies, resulting
in a significant diversity in SD, the primary yield complement decisive for the final seed yield of WOSR.
The first strategy was based on a high indigenous productivity of soil, as revealed in two of the six
sites (Ko, Do). The second strategy was based on a high productivity of applied fertilizer N, which
was revealed in two sites of the best quality of soil with respect to the soil agronomy class (Ve, Bu).
The amount of N accumulated in WOSR seeds at harvest, i.e., seed nitrogen (Nse) was found to be the
key yield driver factor. Its yield forming function is determined, however, by the SD and the N content
in seeds, which in turn depends on N supply during SFP. The simultaneous increase of both these
components is crucial for yield increase. A sufficiently high amount of Nse in WOSR seeds during the
onset of pod and seed growth can be achieved provided there is a net N release from its soil resources
during the growing season, but especially during SFP. The PFPN is a useful tool for discrimination of
site productivity with respect to Nsemax, treated as the prerequisite of WOSR yield evaluation.
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Appendix A

Table A1. Regression patterns of yield, seed density, and N accumulated in seeds response to the N
fertilizer rate 1, n = 4.

Year Site Equation R2 p Nop, Ymax/SDmax/

kg ha−1 Nsemax

Yield, Y, t ha−1

2009
Gostyń, Go Y = −0.00008Nf

2 +0.017Nf + 2.38 0.99 ≤0.001 103.1 3.142

Kołaczkowo, Ko Y = −0.00005Nf
2 + 0.014Nf + 2.65 0.94 ≤0.01 142.7 3.629

2010
Buszewo, Bu Y = −0.0002Nf

2 + 0.042Nf + 1.41 0.99 ≤0.001 104.3 3.589

Wieszczyn, Wi Y = 0.009Nf + 2.1 0.91 ≤0.01 - 3.540

2011
Wenecja, Ve Y = 0.015Nf + 2.01 0.98 ≤0.001 - 4.410

Donatowo, Do Y = −0.00007Nf
2 + 0.017Nf + 2.93 0.99 ≤0.001 128.0 4.012

Seed density, SD, number m−2

2009
Gostyń, Go SD = −1.759Nf

2 + 343.3Nf + 49,562 0.97 ≤0.01 97.6 66,312
Kołaczkowo, Ko SD = −0.988Nf

2 + 332Nf + 55,707 0.87 ≤0.05 168.1 83,612

2010
Buszewo, Bu SD = −3.09Nf

2 + 629Nf + 27,745 0.99 ≤0.001 101.8 59,755

Wieszczyn, Wi SD = 138.9Nf + 34,135 0.93 ≤0.001 - 56,359

2011
Wenecja, Ve SD = 228.3Nf + 39,935 0.98 ≤0.001 - 74,463

Donatowo, Do SD = −0.99Nf
2 + 268.2Nf + 49,646 0.99 ≤0.001 135.5 67,810

Nitrogen accumulated in seeds, Nse, kg ha−1

2009

Gostyń, Go Nse = −0.0032Nf
2 + 0.59Nf + 68.9 0.98 ≤0.001 92,2 96.1

Kołaczkowo, Ko Nse = 0.225Nf + 95.2 0.87 ≤0.05 - 131.2

Buszewo, Bu Nse = −0.0064Nf
2 + 1.41Nf + 46.3 0.99 ≤0.001 110.3 124.2

Wieszczyn, Wi Nse = 0.368Nf + 66.0 0.85 ≤0.05 - 124.9

Wenecja, Ve Nse = 0.558Nf + 64.5 0.95 ≤0.001 - 153.8

Donatowo, Do Nse = −0.0022Nf
2 + 0.67Nf + 102.8 0.99 ≤0.001 152.7 154.1

1 Nf–fertilizer N, kg ha−1.
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Table A3. Spearman’s correlation matrix between yield components, selected nitrogen variables and
PCA factors.

Variables F1 F2 F3 F4

Y 0.95 1 −0.11 −0.05 −0.27
PD 0.60 −0.77 0.18 −0.05

Se/Po 0.02 0.66 −0.74 0.01
SD 0.83 −0.38 −0.39 0.03

TSW 0.16 0.55 0.68 −0.42
N 0.68 0.64 0.01 −0.05

Nse 0.95 0.14 −0.07 −0.25
TN 0.95 0.10 0.08 0.26

UNA 0.45 0.27 0.34 0.78

1 bold = correlation coefficients for R2 ≥ 0.50. Y—seed; yield; PD—pod density; Se/Po—number of seeds per pod;
SD—seed density; TSW—thousand seed weight; N—N content in seeds; Nse—amount of n accumulated in seeds;
TN—total N in WOSR biomass at harvest; NHI—nitrogen harvest index; UNA—unit N accumulation.

Table A4. Regression patterns of key WOSR nitrogen management characteristics response to the N
fertilizer rate, n = 4.

Year Site Equation R2 p Nop

kg ha−1

Ninmax/

Ngainmax/

Nintmax

Ninput, Nin, kg ha−1

2009
Gostyń, Go Nin = −0.0033Nf

2 + 1.36Nf + 42.5 0.98 ≤0.001 206.2 182.8

Kołaczkowo, Ko Nin = 0.225Nf + 88.1 0.89 ≤0.05 - 124.1

2010
Buszewo, Bu Nin = −0.006Nf

2 + 2.26Nf + 74.7 0.99 ≤0.001 176.3 273.7

Wieszczyn, Wi Nin = 0.37Nf + 47.9 0.85 ≤0.05 - 107.1

2011
Wenecja, Ve Nin = 0.57Nf − 5.27 0.95 ≤0.001 - 85.9

Donatowo, Do Nse = −0.0022Nf
2 + 20.91Nf + 59.1 0.99 ≤0.001 207.5 154.1

Ngain, kg ha−1

2009
Gostyń, Go Ngain = −0.73Nf

2 + 0.78Nf + 31.5 0.99 ≤0.001 53.5 52.4

Kołaczkowo, Ko Ngain = −0.62Nf + 229.6 0.96 ≤0.001 - 129.6

2010
Buszewo, Bu Ngain = −0.014Nf

2+ 1.75Nf + 104.8 0.97 ≤0.001 64.8 161.6

Wieszczyn, Wi Ngain = −0.0057Nf
2 + 0.62Nf + 186.2 0.52 ≤0.05 54.4 169.3

2011
Wenecja, Ve Ngain = −0.111Nf + 135 0.52 ≤0.05 - 117.2

Donatowo, Do Ngain = −0.381Nf + 203.3 0.89 ≤0.05 - 142.3

Ninput total, Nint, kg ha−1

2009
Gostyń, Go Nint = −0.007Nf

2 + 1.78Nf + 140.7 0.99 ≤0.001 122.0 249.4

Kołaczkowo, Ko Nint = 0.375Nf + 289 0.89 ≤0.05 - 349.0

2010
Buszewo, Bu Nint = −0.0135Nf

2 + 2.75Nf + 171 0.99 ≤0.001 101.9 311.0

Wieszczyn, Wi Nint = −0.006Nf
2 + 1.62Nf + 235 0.83 ≤0.05 142.4 344.6

2011
Wenecja, Ve Nint = 0.89Nf + 240 0.99 ≤0.001 - 382.4

Donatowo, Do Nint = 0.619Nf + 258.3 0.95 ≤0.05 - 357.3

Nf—fertilizer N, kg ha−1.
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Table A5. Regression patterns of key WOSR Nse response to the N supply, n = 4.

Year Site Equation R2 p Ninop/Ninmax Nsemax NE 1

kg ha−1 kg ha−1 %

N input, Nin, kg ha−1 as independent variable NEin

2009
Gostyń, Go Nse = −0.0033Nin

2 + 1.36Nin − 42.5 0.98 ≤0.001 206.2 95.1 46

Kołaczkowo, Ko Nse = 0.225Nin + 88.1 0.89 ≤0.05 219.7 131.2 60

2010
Buszewo, Bu Nse = −0.0064Nin

2 + 2.257Nin − 74.7 0.99 ≤0.001 176.3 124.2 70

Wieszczyn, Wi Nse = 0.37Nin + 47.9 0.85 ≤0.05 209.0 125.2 60

2011
Wenecja, Ve Nse = 0.56Nin + 5.89 0.95 ≤0.001 265.0 154.3 58

Donatowo, Do Nse = −0.0022Nin
2 + 0.91Nin + 59.1 0.99 ≤0.001 206.8 153.2 74

N input total, Nint, kg ha−1 as independent variable NEint

2009
Gostyń, Go Nse = 0.24Nint + 32.7 0.79 ≤0.01 246.7 91.9 37

Kołaczkowo, K1 Nse = 0.52Nint − 51.2 0.72 ≤0.05 358.3 135.1 38

2010
Buszewo, Bu Nse = −0.0033Nint

2 + 2.14Nint − 224 0.99 ≤0.001 342.0 123.0 36

Wieszczyn, Wi Nse = 0.36Nint − 13.7 0.61 ≤0.05 361.3 116.4 32

2011
Wenecja, Ve Nse = 0.61Nint − 79.4 0.90 ≤0.01 380.9 152.9 40

Donatowo, Do Nse = −0.0042Nint
2 + 3.11Nint − 413 0.99 ≤0.001 370.2 162.7 44

1 NE—nitrogen efficiency.
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Abstract: Small-scale farms represent about 80% of the farming area of China, in a context where they
need to produce economic and environmentally sustainable food. The objective of this work was to
define management zone (MZs) for a village by comparing the use of crop yield proxies derived from
historical satellite images with soil information derived from remote sensing, and the integration of
these two data sources. The village chosen for the study was Wangzhuang village in Quzhou County
in the North China Plain (NCP) (30◦51′55” N; 115◦02′06” E). The village was comprised of 540 fields
covering approximately 177 ha. The subdivision of the village into three or four zones was considered
to be the most practical for the NCP villages because it is easier to manage many fields within a few
zones rather than individually in situations where low mechanization is the norm. Management
zones defined using Landsat satellite data for estimation of the Green Normalized Vegetation Index
(GNDVI) was a reasonable predictor (up to 45%) of measured variation in soil nitrogen (N) and organic
carbon (OC). The approach used in this study works reasonably well with minimum data but, in order
to improve crop management (e.g., sowing dates, fertilization), a simple decision support system
(DSS) should be developed in order to integrate MZs and agronomic prescriptions.

Keywords: site-specific nutrient management; soil brightness; satellite remote sensing; crop yield;
soil fertility; spatial variability

1. Introduction

Small scale farms represent about 80% of the farming area of China. Given the need to produce
more food on the same amount (or less) of land while also reducing environmental pollution, such areas
are faced with tough challenges. Farmers manage their fields by experience and need science-based
evidence to make the system more efficient. The mismanagement of nitrogen (N) fertilizer is a known
problem in the smallholder farming systems of China [1].

Precision nutrient management can be achieved either through a sensor-based or a map-based
approach. The former uses sensors to guide site-specific N management based on the quantification
of crop reflectance. However, a sensor-based approach is affected by the inter-annual interactions
between soil and weather. Colaço & Bramley [2] demonstrated how the sensor-based approach could
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be improved by also considering the impact of other environmental covariates. The latter approach
consists of using multiple images (e.g., soil, remote sensing, yield monitor) with the aim of dividing
the fields into management zones (MZs). MZs are defined as sub-regions within the field that have
similar combinations of yield-limiting factors and are managed accordingly [3,4]. Basso et al. [5] stated
that understanding the factors that lead to the spatial and temporal variability of a crop within the field
is the first step for optimal agronomic management. In addition, the delineation of fields into MZs
helps with obtaining soil/crop samples cost-effectively and applying site-specific agronomic input [4–7].

Several approaches have been proposed to define MZs at the field level. One approach is based
on gathering soil or landscape information, such as sampling the soil using electrical conductivity (EC)
sensor, sampling for soil physical and chemical properties or using remotely sensed data for estimating
soil and landscape properties [8–12]. Another approach uses yield maps or remotely sensed images to
reconstruct spatial and temporal patterns of crop growth within the field to define a given number of
MZs [13–16]. Finally, the integrated approach uses both soil-landscape and crop information to define
MZs at field level [4,17].

However, the small size of single farms in the North China Plain (NCP) does not allow for
cost-effective on-farm management using farm-scale MZs. Moreover, yield maps are not available
in most small-scale farming systems and, in such systems, farmers do not measure field-level yield
at harvest [18], but measure total grain that they sell from all of their fields. Jin et al. [19] combined
a crop simulation model with remotely sensed data to map yield heterogeneity on smallholder farms
in East Africa. High-resolution satellite images were used to define a smallholder farming system,
but the prevalence of small field size was one of the challenges in improving the performance of
the approach proposed [19]. In addition, high-resolution satellite data usually has to be purchased
from a private provider (e.g., RapidEye) or obtained from a contemporary open-source sensor such
as Sentinel-2, which does not yet have enough years available to capture the long-term inter-annual
variability. A practical strategy is to divide fields in a village into several MZs disregarding the current
field management structure. Some of the common open-source satellites, such as Landsat that has
a long time-series of data, may allow the mapping of fields in a village for MZ delineation purposes;
therefore, each field can be classified in a given MZ, maintaining the existing boundary structure.
Fields in the same MZ could then use similar management practices or inputs optimised for their
particular conditions and requirements regardless of their geographical proximity.

The objective of this work was to integrate soil information derived from remote sensing with
crop yield proxies derived from historical satellite images to define MZs at the village scale.

2. Materials and Methods

2.1. Site Description

The village chosen for the study was Wangzhuang village in Quzhou County in the NCP
(36◦51′55” N; 115◦02′06” E). The cropped area of the village covered approximately 177 ha and
comprised a total of 540 fields, with an average farm size of 0.33 ha (Figure 1). The village is part
of the Science and Technology Backyards (STB) initiative. The STB was established originally in
Quzhou County in 2009 by China Agricultural University to carry out specific research and extension
services aimed at transferring research technology to smallholder farmers [18]. The main cropping
system of the village was winter wheat (Triticum aestivum L.) (sown in October) and summer maize
(Zea mays L.) (sown in mid-June), with irrigation used by farmers on both crops. The soil was classified
as silty-loam [20] and no significant slopes were present. The 2008–2018 weather had a mean, maximum
and minimum air temperature during the growing season of 9.7, 15, and 4.3 ◦C, respectively.
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Figure 1. Location of the Wangzhaung village in China (red mark), the area occupied by the village
(white polygon), and an image of the typical field layout in Wangzhuang village, China. The fields
were separated only by a thin bare patch of soil. The similar growth stages of the wheat plants suggest
that planting occurred at the same time in the different fields.

2.2. Overall Methodological Approach

Satellite data for the village were obtained from the Landsat satellites (30 m pixels) for 2008–2018
using the USGS explorer website [21]. Level 2 processed imagery was requested and analyzed
following the protocols described on the Landsat Explorer [21]. The Landsat data came from 2 different
sensors having a different wavelength range in the near-infrared bands; one was used from 2008 to
2011 (Landsat 5 with 0.76–0.90 μm with Landsat Thematic Mapper - TM sensor [21]) and another
from 2013 to 2018 (Landsat 8 with 0.85–0.88 μm with Operational Land Imager - OLI sensor [21]).
Atmospherically-corrected cloud-free scenes from the end of April/beginning of May were selected to
coincide with flowering in winter wheat. The choice of using images at that particular developmental
stage was justified by the strong correlation between remote sensing data and grain yield [22–24].
In addition, in Northern China, the use of proximal and/or remote sensing as a proxy of canopy N and
yield has been validated on several crops and in different geographical regions [25–28]. The Green
Normalized Difference Vegetation Index (GNDVI) [29] was calculated for each scene. The GNDVI is
more closely related to the photosynthetically absorbed radiation than NDVI and has shown a linear
correlation with the Leaf Area Index (LAI) and biomass [29]. This makes the GNDVI more sensitive to
changes in biomass and chlorophyll concentration compared to the NDVI. It was calculated as follows:

GNDVI =
ρNIR − ρGreen

ρNIR + ρGreen
(1)

where ρNIR and ρGreen are the reflectance in the Near Infrared and Green bands, respectively.
Soil Brightness (SOB) data at 3 m spatial resolution were purchased from Courtyard Agriculture

Ltd. in the UK and were derived from RapidEye optical satellite images at a time in the season when
the land was un-cropped (bare soil). Most of the fields were contiguous, with ‘boundaries’ being
narrow ridges of bare soil. There was little other vegetation or paths/roads present. Therefore, most of
the pixels corresponded to cropland (Figure 1).

Prior to sowing of wheat in 2015, soil sampling was carried out in the village. For each field,
10 samples were collected at 0–20 cm depth following “S” patterns. The samples were pooled together,
mixed thoroughly and divided into four subsamples. One subsample of about 1–2 kg was kept for
determining inorganic soil N and soil organic carbon (OC). The soil samples were later dried, ground to
powder and analyzed for total soil N concentration using the Kjeldahl digestion method [30]. Soil OC

167



Agronomy 2020, 10, 1767

was analyzed following the wet combustion method [31]. Soil texture information was also available
at selected points and used for this study and additional information is available elsewhere [32].

Spatial and temporal variability in GNDVI were quantified following the method of Basso et al.
(2012). The spatial variability of GNDVI from 2008 to 2018 was calculated from the relative percentage
difference of GNDVI at each 30 m pixel from the average GNDVI obtained for the whole cropped area
of the village, according to Equation (2) [13]:

σ2
si =

1
n

n∑
k=1

[
yi,k − yk

yk

× 100
]

(2)

where n is the total number of available years, k = 1, . . . , n is the integer corresponding to every year,
σ2

si is the average percentage difference at location i, yk is the average of the variable obtained for
the whole village at year k, yi,k is the variable monitored at location i at year k. Pixels that have high
values of σ2

si are associated with high yield (under the assumption that GNDVI is directly proportional
to yield) and pixels with low values are lower yielding.

The temporal variability, which is a measure of stability, was calculated as temporal variance
to overcome the issues with varying stability over time [33]. The temporal variance of patterns in
the GNDVI data was calculated using Equation (3):

σ2
ti =

1
n

n∑
k=1

(
yi,k − yi,n

)2
(3)

where σ2
ti is the temporal variance value at location i, yi,k is the value of the variable monitored at location

i at year k, yi,n is the average variable value at location i over the n years. The higher the temporal
variance, the more unstable the GNDVI measurement (and thus the yield) at that particular location
over time. Threshold values have previously been used to identify stable zones within fields, however,
the choice of the threshold for determining the stable zone can affect the result considerably [13].
To overcome this problem, a clustering algorithm was applied to the spatial and temporal variability
layers, which is further described below. The GNDVI variability metrics and the soil brightness images
were summarized at the field scale for consistency with the measured soil variables that were used for
evaluation purposes.

For site-specific agronomic management of any input, there is the need to develop MZs that will
be subject to a unique combination of potential yield-limiting factors [12]. Management zones are most
effective if the variation (of the factors under consideration) within them is minimized, and there are
a manageable number of zones. Clustering is an important method in precision agriculture [34–38].
In all these studies it was found that the k-means was not among the best methods to define MZs,
but the best algorithm differed. For example, in smallholder farming systems, Possiblistic Fuzzy C
Mean worked best but in other conditions, the McQuitty method seemed to give more consistent
results [36,37]. Although the k-means is still widely adopted, it was decided to use the partitioning
around medoids (PAM) method [39] to derive the MZs. The PAM is a clustering algorithm that,
like k-means clustering, aims to minimize the distances between points within a cluster and the point
at the center of the cluster. It is a more robust alternative to k-means clustering when noisy data are
expected, as is the case in this study due to unmeasured variation in growing conditions due to the soil
spatial variability. The term medoid refers to an observation within a cluster for which the sum of
the distances between it and all the other members of the cluster is a minimum. PAM requires a priori
information of the number of clusters, but it does more computation than the more commonly used
k-means clustering to ensure that the medoids that it finds are truly representative of the observations
within a given cluster. It has been found that the PAM showed better results than the k-means in terms
of execution time, sensitivity towards outliers, reduction of noise in the data due to minimization of
the sum of dissimilarities within the dataset [36]. Field-scale variables for (i) spatial and temporal
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variability in GNDVI; and (ii) mean soil brightness were normalised and used as variables with
the PAM method, using R software, to define clusters.

Soil N and soil OC were used for MZ evaluation as reported in [4]. Relative variance (RV)
of measured soil properties at the field scale was used to evaluate the accuracy of this approach for
delineating MZs given by Equation (4):

RV = 1−
S2

w

S2
T

× 100 (4)

where S2
w is the total within-zone variance of the soil property and S2

T
is the total village-level

variance of the corresponding property. RV approximates the amount of variability explained by
the MZ delineation and can be interpreted similarly to the R2 value in regression analysis in terms of
the percentage of variation explained. RV was calculated on a per-field basis for measured total N and
OC because they best characterise areas that would benefit from differential management.

3. Results

The maximum and minimum air temperatures from Jan to mid-May from 2008 to 2018 are shown
in Figure 2. Overall, there is inter-annual variability in amplitudes and patterns of maximum and
minimum air temperature. For example, in 2011 the minimum air temperatures were the lowest
recorded during the period of study. The spatial patterns of the Landsat GNDVI images for a period of
10 years, each around the time of flowering, are shown in Figures 3 and 4. Overall, GNDVI was generally
more variable for the earlier years, with values ranging between 0.1 and 0.8 for the 2008–2011 period
(Landsat 5) and the majority of values over 0.6 from 2013 to 2018 (Landsat 8). The years 2010 and 2011
showed higher spatial variability than other years.

Figure 2. Maximum (full black line) and minimum (dotted black line) air temperature recorded at
the Wangzhaung village from 2008 to 2018 from January to mid-May. The horizontal dotted line
represents the 0 ◦C threshold while the vertical grey box represents the time when satellite images
were acquired.
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Figure 3. Calculated Green Normalized Vegetation Index (GNDVI) for LANDSAT 5 scenes for the growing
season (a) 2008; (b) 2009; and (c) 2011. LANDSAT 5 scenes were obtained for late April/early May every
year from 2008 to 2011.

The soil brightness resampled to 30 m resolution to match the Landsat data is shown in Figure 5a
and the original soil brightness data at a 3 m resolution is shown in Figure 5b. The mean soil brightness
was lower in the North-East portion of the village where the values ranged between 3 and 7. Areas with
the highest soil brightness values were in the north-western and south-western portions of the village.

The spatial distributions of measured soil N and OC throughout the village are shown in Figure 6a,b
respectively. Soil N varied between 0.68 and 1.37 g/kg (Figure 6a). Low values of soil N were located
mainly on the North-West portion of the village and the highest values were located across the village
without any clear spatial patterns (Figure 6a). The soil OC varied between 0.52 and 1.2% and its spatial
variability matched the soil N content (Figure 6b). Therefore, there was not any clear spatial clustering
of its value across the village.

The spatial and temporal decomposition of the GNDVI is shown in Figure 7. No obvious spatial
clustering was found in the spatial variability metric (Figure 7a). The temporal variability of the GNDVI
was higher in the eastern half of the village and also tended to coincide with areas of low GNDVI
(Figure 7b).
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Figure 4. Calculated GNDVI for LANDSAT 8 scenes for growing season (a) 2013; (b) 2015; and (c) 2018.
LANDSAT 8 scenes were obtained for late April/early May from 2013 to 2018. There were no scenes
available from 2012.

Figure 5. Soil brightness image (a) for 2017 resampled to match the LandSat8 spatial resolution (30 m)
and (b) the original soil brightness image (3 m resolution).
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Figure 6. Measured values of (a) soil nitrogen content (g/kg) and (b) soil organic carbon (%) at the field scale.

Figure 7. Ten-year time-series of GNDVI decomposed into (a) spatial variance and (b) temporal variance.

Using soil brightness to define the zones resulted in the three and four zones shown in Figure 8a,b.
Using the GNDVI variability metrics to define the zones resulted in the three and four zones shown in
Figure 8c,d. Using a combination of soil brightness and GNDVI variability metrics to define the zones
resulted in the three and four zones shown in Figure 8e,f.

The RV of measured soil variables total N and OC within these clusters compared to the village
mean is shown in Table 1. Soil brightness alone was a fairly poor predictor of measured N and OC in
this study, explaining only up to 9% of the variability. The GNDVI variability metrics were a reasonable
predictor (up to 39%) of variability in measured N and OC. The three-cluster solution in the combined
model (soil brightness + GNDVI) was the best predictor of N and OC variability at up to 45%.
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Figure 8. Results of clustering at field scale using (a,b) soil brightness alone; (c,d) the GNDVI variability
metrics and (e,f) both combined, testing three and four cluster solutions.
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Table 1. Relative variance of measured soil variables total N and organic carbon at the field scale for
three and four cluster solutions using (i) soil brightness; (ii) the spatial and temporal variability in
GNDVI and (iii) a combination of both.

Clustering Approach
Relative Variance (RV)

Total N Organic Carbon

Soil brightness 3 zones 7.5 7.3
Soil brightness 4 zones 9.3 9.5

GNDVI variability metrics 3 zones 35.8 37.3
GNDVI variability metrics 4 zones 35.8 38.1

Combined 3 zones 43.9 44.9
Combined 4 zones 36.1 37.9

4. Discussion

Overall, the GNDVI derived from remote sensing allowed for the discrimination of zones within
the village, with a reasonably good explanation of the variability in measured N and OC. The GNDVI
values were low in years in which the minimum growing season temperatures were higher than in
other years (e.g., 2008 c.f. 2011). This may have resulted in m the crop developing faster, meaning
that by the time the satellite data were acquired (grey box in Figure 2) the crops might have been at
an advanced developmental stage i.e.past flowering, meaning higher senescence rates causing lower
GNDVI values. For years when minimum growing season temperatures were lower, meaning a longer
wheat growing season, by the time our images were acquired, the wheat would still be at the flowering
stage and therefore with less senesced material. In addition, there were differences in GNDVI index
values between TM and OLI because of the differences in the wavelengths for each of the band that
the sensor collected. The image data were not corrected for this. There was a very narrow range of
the measured N and OC within the village along with the unmeasured variability in field management
and inputs, both of which would have affected the relationships. From a statistical point of view,
the soil N and OC showed a narrow range of values. However, from an agronomic point of view,
the values of OC ranging between 0.5 and 1.2% have big differences in terms of impact on soil chemical
processes and impacts on yield. In fact, soil organic matter is a reserve for nutrients and an agent
that improves soil structure. It is a storage pool of plant nutrients. In addition, the humus (which is
the stable fraction of the soil organic matter) adsorbs and holds nutrients in a plant-available form.
Soil organic matter also releases nutrients in a plant-available form upon decomposition [40].

Satellite images of crops provide an indirect tool to obtain spatial information of crop growing
conditions for a given year and therefore are a good tool to quantify spatial field variability [26,41].
The use of a longer remotely sensed time-series enabled the quantification of temporal stability within
the spatial context of the village. Satellite images of the bare soil also provide an indirect method to
obtain spatial information about the variability in soil conditions, in particular soil moisture, which
affects crop growth. However, one limitation of the soil brightness is that it is a weak proxy of soil
moisture because the soil–plant relationship is deeper than the first few cm of soil. In addition, whilst
there was a significant correlation between soil brightness and measured soil OC, this relationship was
not strong (0.19). The soil brightness was reconstructed by a private company and it is not a good
proxy of the soil samples measured in the field during the study. This is because the resulting soil
brightness image is captured by the company on a given date at a time when the soil is bare (it could
have been many months before the soil sampling), and given the high temporal variability in soil
nitrogen concentration the time when soil samples were collected do not reflect the spatial variability
of the brightness map.

The subdivision of the village into 3–4 zones improved the explanation of the variability in
measured soil parameters. However, there is a trade-off between the number of zones and site-specific
management. The spatial coherence of the zones also needs to be considered, since it is likely to be
more economically and practically efficient to zone the village fields into “blocks” rather than by

174



Agronomy 2020, 10, 1767

individual field. It has been found in the literature that three zones are a common number adopted in
commercial precision agriculture solutions regardless of the size of the field [42]. More zones could
have been defined, but this would translate into more management recommendations and organisation
of farmers into more co-operative “clusters”, which would add to the complexity and time commitment
for co-operative leads.

The results of this study can be considered as a preliminary method based on the integration
of different remotely sensed data to delineate MZs at the village scale. More studies are needed to
further refine them for guiding site-specific management in small scale farming systems. In addition,
incorporating measurements of field level yields would aid in validating this approach in the future.

The main limitation of this study is in the spatial resolution of the satellite data. If a higher
resolution and consistently measured dataset had been available over a similar timescale, a more
accurate measurement of spatial and temporal variability at the field scale would have been detected.
However, recent advancements in sensors on free satellite products (e.g., Sentinel-2) will make
the acquisition of a long temporal series of images with higher resolution easier in the future.
In addition, the MZ approach could be improved with data on historic management (e.g., timing of
key operations) and crop yields. The lack of mechanization and extension services at the village level
might hamper the application of modern technologies. Even the subdivision of a village into zones
might be of no help if it is not coupled with additional information on how to translate this information
into agronomic management.

The approach used in this study was developed considering the limited data availability in
small scale farming systems used in the NCP. Therefore, it may not be the best approach if more
data are available. In order to improve crop management (e.g., sowing dates, fertilizer amount
and timing), a decision support system (DSS) should be developed in order to integrate MZs and
agronomic prescriptions. The design of a DSS should provide a science-based approach to quantify
the optimal practices that can evaluate the trade-off between economic and environmental benefits.
The DSS should be system-based in order to take into account the dynamic interactions between
soil–plant–atmosphere–agronomy continuum [5,16]. Future research is therefore needed to overcome
the limits highlighted in [19] for a better link between the remotely-sensed approach to define zones and
crop models. It is likely that the development of simplified crop growth models will be a step forward
for better integration. In this regard, [43] developed simplified models that are less data-intensive.
In particular, [44] developed a simple scalable and satellite-based yield model to predict yield for canola
(Brassica Napus L.) and wheat (Triticum spp.) at different regional scales. The results of this study
could be integrated within the modelling approach highlighted in [44] to provide the system-based
DSS approach. Future research would also be needed to concentrate the efforts to consider the impacts
of other agronomic practices such as crop rotation (wheat–maize), the use of manure and tillage on
the zoning.

5. Conclusions

Spatial and temporal data of remotely estimated crop growth or soil variation measurements
from satellites can be used to delineate zones at the village level that explain a reasonable amount of
the variation in measured soil variables. In this study on winter wheat, the GNDVI was collected around
flowering for 10 years in order to identify spatial and temporal patterns of crop yield. The subdivision
of the village into three zones will be optimal for the NCP villages because it tends to cluster many
fields into few zones that are easy to manage in situations where low mechanization is the norm.
The next step is to develop a system-based DSS that will help to translate the zoning into site-specific
agronomic management prescriptions in terms of planting dates and fertilizer amount and timing.
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Abstract: The aims of this study were to: (i) evaluate the relationships between vegetation indices
(VIs) derived from Sentinel-2 imagery and grain yield (GY) and the number of spikes per square meter
(SN) of winter wheat and triticale; (ii) determine the dates and plant growth stages when the above
relationships were the strongest at individual field scale, thus allowing for accurate yield prediction.
Observations of GY and SN were performed at harvest on six fields (three locations in two seasons:
2017 and 2018) in three regions of Poland, i.e., northeastern (A—Brożówka), central (B—Zdziechów)
and southeastern Poland (C—Kryłów). Vegetation indices (Normalized Difference Vegetation Index
(NDVI), Soil-Adjusted Vegetation Index (SAVI), modified SAVI (mSAVI), modified SAVI 2 (mSAVI2),
Infrared Percentage Vegetation Index (IPVI), Global Environmental Monitoring Index (GEMI),
and Ratio Vegetation Index (RVI)) calculated for sampling points from mid-March until mid-July,
covering within-field soil and topographical variability, were included in the analysis. Depending on
the location, the highest correlation coefficients (of about 0.6–0.9) for most of VIs with GY and SN
were obtained about 4–6 weeks before harvest (from the beginning of shooting to milk maturity).
Therefore, satellite-derived VIs are useful for the prediction of within-field cereal GY as well as SN
variability. Information on GY, predicted together with the results for soil nutrient availability, is the
basis for the formulation of variable fertilize rates in precision agriculture. All examined VIs were
similarly correlated with GY and SN via the commonly used NDVI. The increase in NDVI by 0.1 unit
was related to an average increase in GY by about 2 t ha−1.

Keywords: winter wheat; winter triticale; vegetation indices; NDVI; grain yield; number of spikes

1. Introduction

Satellite remote sensing (RS) helps in the mapping of current crop status and the assessment
of biophysical parameters. Currently, RS data are publicly accessible due to the availability of an
unprecedented amount of Free Sentinel data from the Copernicus Program, established by the European
Space Agency [1]. Constellations of the Sentinel-2 satellites (2A and 2B) can be also used for precision
farming applications [2]. Thanks to the high spatial resolution (pixel size of 10 m), relatively short
revisit time (about 5 days) and multispectral sensors, it is possible to observe and analyze the crop
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status using vegetation indices (VIs). For the purpose of such an evaluation, satellite Sentinel-2 images
of two radiation bands, red (650–680 nm) and NIR (785–900 nm), are usually used [2].

Recently, many research results on yield evaluation based on data from the Sentinel-2 satellites [3–8]
as well as from other satellite sources has been available. However, studies in which significant
relationships between NDVI and the grain yield of cereals were proved have been carried out since the
1980s [3–6]. Most of these studies were done at a regional level and low-resolution satellite imagery was
used (mainly using AVHRR/NOAA - Advanced Very High Resolution Radiometer/National Oceanic
and Atmospheric Administration sensors with pixel sizes of 1 km).

Research on the evaluation of the relationships between VIs from high-resolution satellite sensors
(e.g., QuickBird) and the grain yield and crop status of cereals has become more common since the year
2000 [7–10], due to the availability of new sources of satellite data. Such of studies were conducted
at different spatial scales from one field scale (evaluation of within-field yield variability) to a whole
country level. Many studies refer to Vis in relation to wheat grain yield because of the high importance
of this crop. In most studies, Normalized Difference Vegetation Index (NDVI) [5] has been used as a
predictor of grain yield. The highest accuracy of grain yield forecast was possible at different growth
stages, even 2–3 months before harvest [11–16]. Recently, other VIs besides NDVI have been used as
grain yield predictors. Ali et al. (2019) [17] studied the relationship between six vegetation indices
(NDVI, EVI—Enhanced Vegetation Index, SAVI—Soil-Adjusted Vegetation Index, GNDVI—Green
Normalized Vegetation Index, GCI—Green Chlorophyll Index and SR—Simple Ratio), derived from
Landsat 5, 7 and 8 satellite imagery and a grain yield of durum and bread wheat in one 11 ha field in
Italy, during five consecutive years (2010–2014). Most frequently, NDVI and SR were characterized as
having the strongest relationship with yields.

Most of the studies that examined relationships between satellite-derived VIs and the grain yield of
cereals were conducted at a regional level and did not analyze the relationships of VIs with other yield
components such as the number of spikes. Nowadays, the common availability of satellite images of
relatively high spatial resolution allows us to evaluate these relationships even at the within-field level.
The results of such an evaluation can be useful for site-specific crop management, including variable
fertilization, which should be based, besides soil nutrient availability, on the prediction of grain yields.

The aim of this study was to evaluate the relationships between vegetation indices derived
from Sentinel-2 imagery and grain yield and the number of spikes per square meter of winter wheat
and triticale. These two crops were selected because of their high cropping area among cereals in
Poland. Recently, winter wheat has been grown on about 1.9 M hectares and winter triticale on 1.1 M
hectares [18]. Moreover, the aim was to determine the dates and plant growth stages when the above
relationships were the strongest at the individual field scale, thus allowing an accurate yield prediction.

2. Materials and Methods

2.1. Study Area

Three research sites cropped with winter wheat (Triticum aestivum L.) or winter triticale
(Triticosecale Witt.) (Table 1) were located in Brożówka, northern Poland, in the land of the Great
Masurian Lakes (location A), in Zdziechów, central Poland, in the Mazowieckie Voivodeship (location B),
and in Kryłów, southeast Poland, close to the border with Ukraine (location C) (Figure 1).
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Table 1. Characteristics of the studied fields in three locations and in two years.

Location A—Brożówka Location B—Zdziechów Location C—Kryłów

Year 2017 2018 2017 2018 2017 2018

Crop winter wheat winter triticale winter wheat winter triticale winter wheat winter wheat

Sowing date 20 September
2016

27 September
2017

27 September
2016

28 September
2017

22 September
2016

23 September
2017

Area of the field (ha) 14.9 14.9 9.7 7.8 9.7 9.6

Geographical
coordinates

54◦6′36” N,
22◦0′3.6” E

54◦6′36” N,
22◦0′3.6” E

51◦24′57.6” N,
21◦3′7.2” E

51◦25′1.2” N,
21◦3′10.8” E

50◦41′27.6” N,
24◦1′58.8” E

50◦42′32.4” N,
24◦3′10.8” E

Soil WRB 2015 Reference
Group-dominant

(associated) *

Luvisols
(Phaeozems,

Histosols,
Gleysols,

Cambisols,
Regosols)

Luvisols
(Phaeozems,

Histosols,
Gelysols,

Cambisols,
Regosols)

Phaeozems
(Luvisols,

Arenosols)

Luvisols
(Arenosols) Gleysols Luvisols

USDA soil texture class
dominant (associated) *

sandy loam
(loam, clay

loam)

sandy loam
(loam, clay

loam)

sandy loam
(loam, clay

loam, loamy
sand, sand)

loamy sand
(sandy loam,

sand)

silt loam (silty
clay loam,
silty clay)

silt loam (silty
clay loam)

Number of sampling
points of soil in

spring/plots used at
harvest for grain yield

and spike number
evaluation

16/18 18/36 10/12 12/24 10/12 12/21

Available
elements in soil in
a layer of 0–30 cm

(mg·kg−1) ***

P 71.5 (92.0) ** 52.2 (18.4) 55.4 (16.6) 118.0 (42.8) 119.5 (31.8) 79.8 (41.8)

K 160.2 (104.6) 143.6 (44.6) 112.1 (27.4) 106.8 (19.4) 175.1 (32.4) 193.7 (38.6)
Mg 109.7 (206.2) 150.8 (135.0) 67.5 (32.0) 69.7 (47.3) 54.9 (13.3) 78.8 (22.1)

pH 6.2 (0.8) 6.5 (0.7) 5.7 (0.5) 5.8 (0.5) 6.0 (0.4) 6.7 (0.3)

* Approximated soil data based on early spring field examination obtained during soil augerings done in locations
of spike sampling (see Figure 3). **—means and standard deviations in parentheses. ***—using Mehlich 3 extract.

Figure 1. Location of the three research sites in Poland (Open Geospatial Consortium (OGC) Web
Map Service).

According to the Köppen classification [19], the majority of Poland lies in the warm temperate
climate zone with fully humid continental climate and hot summers (Cfb). The locations of Kryłów
(C) and Zdziechów (B) are situated within this zone, while the location of Brożówka (A) is placed in
the transitional area between the Cfb zone and the snowy climate zone, with fully humid and warm
summers (Dfb).

The sum of precipitation in two studied seasons (from the beginning of September to the
end of August) ranged from about 520 mm (location C, season 2016/2017) to 740 mm (location A,
season 2016/2017). The lowest air temperatures were observed for location A, while locations B
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and C were characterized by similar air temperatures. Growing degree days calculated at a base
air temperature of 5 ◦C for the period from the sowing date to the end of July were much lower in
2017 (for locations: A—1364, B—1531, and C—1492) in comparison to 2018 (for locations: A—1795,
B—1975, and C—1930). Monthly sums of precipitation and mean air temperatures for the nearest
meteorological stations from the Institute of Meteorology and Water Management National Research
Institute IMGW-PIB (https://danepubliczne.imgw.pl/) are presented in the Figure 2.

Figure 2. Monthly sums of precipitation, mean air temperature and growing degree days (GDD)
for meteorological stations located closest to the research sites (for location A—Olecko, for location
B—Puławy, for location C—Strzyżów) from the IMGW-PIB national institute (source of data: https:
//danepubliczne.imgw.pl/).

2.2. Soil and Plant Sampling

Within each of the fields, sampling points of soil and plants were georeferenced using a Global
Positioning System (GPS) receiver. The locations of the sampling points were selected to obtain large
variability in the studied traits, i.e., soil properties as well grain yield and ear number (Figure 3).
The characteristics of each of the three research sites are presented in Table 1.

Soil samples were collected from a layer of 0–90 cm at the end of winter or in early spring before
the starting of the vegetation. Grain yield and number of ears per square meter were determined at the
full maturity of plants in plots of 2 m2 (2 × 1 m2 subplots, each located very closely to the soil and plant
sampling points). The following statistical parameters were calculated: average, standard deviation,
minimum, and maximum for each field in a given year.
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Figure 3. Normalized Difference Vegetation Index (NDVI) maps of the experimental fields in three
locations ((a,b): Brożówka—A, (c,d): Zdziechów—B, and (e,f): Kryłów—C) in two seasons: 2017 (on
the left) and 2018 (on the right), from dates when maximum average value of this index was achieved,
with soil and plant sampling points superimposed. Explanation of color representation of NDVI values
and the dates of NDVI acquisition are given.

2.3. Satellite Data

Satellite Sentinel-2 (2A and 2B) images of Level-1C with a spatial resolution of 10 to 20 m
in the range of visible and near-infrared (NIR—band 8 at central wavelength 833 nm) light were
downloaded from the Copernicus Open Access Hub [20]. Level-1C processing includes radiometric
and geometric corrections, namely ortho-rectification and spatial registration, on a global reference
system with a sub-pixel accuracy. Then, the acquired Level 1C products were subjected to atmospheric
correction using the Dark Object Subtraction (DOS1) method in Semi-Automatic Classification Plugin
documentation (SCP), developed by Luca Congedo (2016) [21].

Vegetation indices were derived for the representative soil and plant sampling points established
within fields and imported together with the coordinates of these points. Then, they were compiled
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into tables and subjected to regression analyses. Depending on the location, despite the revisit time of
about 5 days, it was only possible to acquire cloudless satellite images during the intensive growth of
cereals in spring and early summer for 4–6 dates (Table 2).

Table 2. Dates for which satellite-based vegetation indices were derived from Sentinel images for three
locations and two seasons.

Location A Brożówka Location B Zdziechów Location C Kryłów

2017 2018 2017 2018 2017 2018

16 March 19 March 29 March 26 March 2 April 7 April
8 April 8 April 18 May 20 May 22 April 22 April

25 April 23 April 4 June 4 June 21 June 21 June
28 May 25 May 27 June 29 June 11 July 11 July
27 June 27 June 12 July 12 July - -
14 July 19 July - - - -

2.4. Spectral Vegetation Indices

The selection of the vegetation indices (VIs) used for the winter wheat and triticale yield analysis
depended on several factors. First of all, we only considered the same satellite data spatial resolution.
Another factor determining our choices was the prevalence in the literature and the comparability
with the yield of cereal crops. The VIs were calculated on the basis of the reflectance of wavelength
bands registered by Sentinel-2 at spatial resolution 10 m (squared pixels 10 × 10 m). The Normalized
Differential Vegetation Index (NDVI) allows us to determine the indirect absorption of photosynthetic
radiation on a landscape scale. NDVI calculation is based on the contrast between the largest reflection
in the near-infrared band and the absorption in the red band. In the case of this index, the difference in
reflection in the near-infrared and red bands is divided by their sum. This approach compensates for
the differences in the radiation amounts in both bands. It is believed that NDVI is more sensitive to
small amounts of vegetation [22,23].

NDVI =
NIR − RED
NIR + RED

Another VI used in this study was the Soil-Adjusted Vegetation Index (SAVI). This indicator was
designed to minimize the effect of soil reflection on red and near-infrared radiation by adding an
estimated background correction factor [24].

SAVI =
(1 + L)(NIR − RED)

NIR + RED + L

where L is a canopy background adjustment factor. An L value of 0.5 was adopted to minimize soil
brightness variations and eliminate the need for additional calibration for different soils.

In the literature, modifications of the SAVI index, known as modified SAVI (mSAVI) and modified
SAVI 2 (mSAVI2), are often used. These two VIs also include the soil background correction factor [25]:

mSAVI =
(1 + L)(NIR − RED)

NIR + RED + L

where L is:

L = 1−
2 × s × (NIR− s×RED)(NIR − RED)

NIR + RED
,

and:

mSAVI2 =
(2 × NIR + 1−

√
(2× NIR + 1)2

− 8× (NIR−RED)

2
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Crippen (1990) proposed the Infrared Percentage Vegetation Index (IPVI), which simplifies the
calculation by eliminating the subtraction of the red radiation value in the NDVI indicator counter.
This simplification of a new VI calculation proved to be important for fast image processing [26].

IPVI =
NIR

NIR + RED

In 1992, Pinty and Verstraete proposed the Global Environmental Monitoring Index (GEMI),
a new nonlinear crop status indicator, which includes a correction factor adjusted by the effect of soil
reflectance and atmospheric background [27].

GEMI = n(1− 0.25n) −
RED− 0.125

1−RED

where:

n =

[
2×
(
NIR2

−R2
)
+ 1.5NIR + 0.5R

]
NIR + RED + 0.5

The last VI used in this study for a comparison with NVDI was the Ratio Vegetation Index (RVI),
sometimes also referred to as the Simple Ratio (SR). This VI is a ratio of NIR and red reflectance [28].

RVI =
NIR
RED

The investigated Vis, except RVI, are normalized and placed on a comparative scale. These indices
have values from −1 to 1, where values close to −1 indicate water, or any inanimate matter, values from
0 to 0.20 relate to barren rock, sand, barren soil and plants at an early stage of growth, values of
0.20–0.50 relate to sparse vegetation such as shrubs and grasslands, while values above 0.60 indicate
crops at their peak growth stages.

2.5. Statistical Analysis

The Orfeo Toolbox (OTB Development Team, 2018) [29] was used for the calculation of vegetation
indices for pixels located nearest to the soil and plant sampling points in 2017 and 2018. The indices
was subjected to statistical analysis and the mean, standard deviation, coefficient of variation (CV),
minimum, maximum were determined (Tables 3 and 4). Relationships between VI values and grain
yield as well as the number of spikes per square meter were evaluated using Pearson’s correlation and
a linear regression analysis. These analyses were conducted for the dates from mid-March to mid-July
(Table 2). The choice of dates remained strictly dependent on the availability of cloudless Sentinel-2
satellite images. Depending on location, there were 4 to 6 dates (obtained, on average, every 3–4 weeks)
in which the images were available without clouds.

Table 3. Grain yield (t ha−1) and number of spikes per m2 m in sampling points at harvest in Brożówka
(A), Zdziechów (B), and Kryłów (C) in 2017 and 2018.

Grain Yield (t ha−1) Spikes Number Per m2

Location
and Year

Mean SD CV Min. Max. Mean SD CV Min. Max.

A 2017 8.33 1.77 21.2% 3.62 10.1 458 91.5 20.0% 240 589
A 2018 5.10 1.63 32.0% 1.80 8.26 317 43.3 13.7% 230 397
B 2017 5.07 1.99 39.3% 0.93 7.08 415 95.4 23.0% 205 533
B 2018 5.01 1.86 37.1% 0.98 8.79 389 77.5 19.9% 231 582
C 2017 10.5 0.63 6.0% 9.43 11.6 739 34.0 4.6% 676 801
C 2018 8.63 1.38 16.0% 4.67 10.4 514 62.0 12.1% 348 593
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Table 4. Mean values and ±SD of vegetation indices for the dates when the highest NDVI values
were observed.

Location and
Date

NDVI SAVI mSAVI mSAVI2 IPVI GEMI RVI

A 28 May 2017 0.84 ± 0.06 0.51 ± 0.05 0.51 ± 0.05 0.59 ± 0.07 0.92 ± 0.03 0.83 ± 0.04 12.95 ± 3.93
A 25 May 2018 0.74 ± 0.07 0.49 ± 0.05 0.44 ± 0.05 0.49 ± 0.07 0.87 ± 0.03 0.78 ± 0.04 7.31 ± 2.25
B 27 June 2017 0.90 ± 0.01 0.42 ± 0.03 0.65 ± 0.03 0.35 ± 0.03 0.39 ± 0.04 9.38 ± 1.30 0.80 ± 0.03
B 20 May 2018 0.80 ± 0.06 0.52 ± 0.06 0.47 ± 0.07 0.53 ± 0.08 0.90 ± 0.03 0.80 ± 0.06 9.88 ± 2.78
C 21 June 2017 0.86 ± 0.02 0.62 ± 0.08 0.57 ± 0.09 0.63 ± 0.01 0.90 ± 0.08 0.85 ± 0.09 11.52 ± 3.39
C 22 April 2018 0.86 ± 0.07 0.60 ± 0.06 0.55 ± 0.07 0.64 ± 0.09 0.93 ± 0.03 0.87 ± 0.05 15.39 ± 3.99

The correlation coefficient values for each date are presented over time in a graphical form
for better visualization of the relationship change between NDVI and grain yield (Tables 5 and 6).
For periods when maximal values of the correlation coefficients were observed, the diagrams of linear
regression are presented (Figures 5 and 6), together with regression equations and coefficients of
determination (R2).

Spatial analyses were conducted, and maps were prepared using QGIS 2.18 software
(QGIS Development Team, Gossau, Switzerland) [30], while the statistical analyses were performed
using GNU R and TIBCO Statistica software.

Table 5. Correlation coefficients (r) between NDVI values and grain yield (t·ha−1) for three locations in
2017 and 2018. The background color of the cells with the correlation coefficient values indicates the
strength of the relationship (significant correlations at α = 0.05 are given in bold).

Location
Date

(2017)
Growth Stage * r Location Date (2018) Growth Stage r

A

16-March tillering 0.421

A

19-March tillering 0.254
8-April tillering 0.493 8-April tillering 0.241
25-April tillering/shooting 0.341 23-April tillering/shooting 0.389
28-May shooting/heading 0.587 25-May shooting/heading 0.622
27-June milk maturity 0.441 27-June milk maturity 0.570
14-July dough maturity 0.239 19-July dough maturity −0.012

B

29-March tillering −0.457

B

26-March tillering 0.064
18-May shooting/heading 0.154 20-May shooting/heading 0.859
4-June heading/flowering 0.889 4-June heading/flowering 0.790
27-June milk maturity 0.840 29-June milk maturity 0.804
12-July dough maturity 0.693 12-July dough maturity −0.152

C

2-April tillering −0.423

C

7-April tillering 0.713
22-April tillering/shooting 0.067 22-April tillering/shooting 0.795
21-June milk maturity 0.594 21-June milk maturity 0.899
11-July dough maturity 0.774 11-July dough maturity 0.361

−1.0 −0.9 −0.8 −0.7 −0.6 −0.5 −0.4 −0.3 −0.2 −0.1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
very strong negative correlation very strong positive correlation

*—approximated growth stages of the whole field crop.
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Table 6. Correlation coefficients (r) between NDVI values and number of spikes per square meter for
three locations in 2017 and 2018. The background color of the cells with the correlation coefficient
values indicates the strength of the relationship (significant correlations at α = 0.05 are given in bold).

Location
Date

(2017)
Growth Stage * r Location

Date
(2018)

Growth Stage r

A

16-March tillering 0.452

A

19-March tillering 0.102
8-April tillering 0.535 8-April tillering 0.120
25-April tillering/shooting 0.372 23-April tillering/shooting 0.167
28-May shooting/heading 0.603 25-May shooting/heading 0.508
27-June milk maturity 0.471 27-June milk maturity 0.485
14-July dough maturity 0.288 19-July dough maturity −0.096

B

29-March tillering −0.341

B

26-March tillering 0.068
18-May shooting/heading 0.159 20-May shooting/heading 0.685
4-June heading/flowering 0.822 4-June heading/flowering 0.625

27-June milk maturity 0.786 29-June milk maturity 0.728
12-July dough maturity 0.529 12-July dough maturity −0.064

C

2-April tillering 0.025

C

7-April tillering 0.731
22-April tillering/shooting −0.162 22-April tillering/shooting 0.785
21-June milk maturity 0.649 21-June milk maturity 0.647
11-July dough maturity 0.592 11-July dough maturity 0.275

−1.0 −0.9 −0.8 −0.7 −0.6 −0.5 −0.4 −0.3 −0.2 −0.1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
very strong negative correlation very strong positive correlation

*—approximated growth stages of the whole field crop.

3. Results

3.1. Grain Yield and Spike Number

The highest grain yield as well the highest number of spikes per m2 was observed for location
C (Kryłów) in both years (Table 3). This was mainly due to the very favorable soil conditions where
the research sites were located in both years in (Table 1). In 2017, soil conditions were very good
and uniform within the very flat field (denivelation of less than 2 m). This caused very low yield
variability (SD = 0.63) within this field. In 2018, soil conditions were slightly less favorable and more
variable, but still quite uniform in comparison to soil conditions in the other two locations (A and B).
In location A (Brożówka), the average grain yield of winter wheat was much higher (8.33 t·ha−1) in
2017 than the yield of winter triticale in 2018 (5.10 t·ha−1). The main reason for the much lower grain
yield as well as the lower spike number per m2 (458 spikes in 2017 versus 317 in 2018) was the shorter
tillering time in 2017/2018, related to the later sowing date of winter triticale when compared to winter
wheat (2016/2017). Moreover, we must mention that winter wheat is usually sown later than winter
triticale. In both years in location A, yield variability within this field was quite high, mainly due to
the undulated surface of the field (denivelation of about 20 m), which determined the soil variability.
In location B, in both years, a grain yield of about 5 t ha−1 and a spike density of about 400 spikes per
m2 were relatively low and very variable within the field. The main reason for such high within-field
variability of the grain yield traits was the variable soil texture (Table 1), which caused varied water
availability for plants. A shortage of water usually occurred in later growth stages, especially during
heading and grain filling. This caused very low-weight grains and, despite quite large numbers of
spikes, grain yield was very low. Such a situation was especially visible in the sandy parts of the fields
in location B.

3.2. Changes in NDVI over the Vegetation Season and in Research Locations

Due to cloud cover, the availability of useful satellite images from Sentinel-2 was limited to
4–6 scenes per season during intensive growth of winter cereals, i.e., from half of March to half of
July. Despite this limitation, it was possible to evaluate changes in VI values during the growing
seasons. The most substantial differences between the average and a range of NDVI values for the three
locations were observed from the end of March to the beginning of April. For location A, mean values
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of NDVI in both years were very low (0.3–0.4) until the beginning of April. The main cause of these
low NDVI values in location A were lower air temperatures and consequently growing degree days
(from sowing date to the end of April in 2017: location A—283, B—298, and C—451; in 2018: A—415;
B—501, and C—605) during early spring than in the other two locations (Figure 2). The highest values
of NDVI (of about 0.7 at the beginning of April) were observed in location C. This was caused by
warmer conditions in both autumn and early spring as well as by more favorable soil conditions,
which caused more intensive plant growth. The very high values of NDVI (0.7 or higher) in location
C were observed for a much longer time, even until the end of June, in comparison to the other two
locations. Consequently, this longer and more intensive crop growth in location C allowed us to obtain
higher grain yields. In location B, NDVI values in early spring were at a medium level (higher than in
location A and lower in comparison to location C) and very variable depending on the season at the
later growth stages. In all locations, in 2017, a maximum NDVI value was achieved in very late June
and much earlier in 2018, at the end of April (Figure 4, Table 4).

Figure 4. Mean values of NDVI values for six fields (three locations: A—Brożówka, B—Zdziechów,
and C—Kryłów in two years: 2017 and 2018).

3.3. Relationships between NDVI and Grain Yield and Spike Number

One of the aims of the study was to determine the dates and plant growth stages when the
relationships between VI values and grain yield, as well as number of spikes, were the strongest.
The strongest correlations were achieved at various growth stages (Tables 5 and 6).

For fields located in northeastern Poland, the highest correlation coefficients between grain yield
and as well as number of spikes and NDVI were observed at the end of May (approximately shortly
before or during the heading stage) in both years. On the basis of the regression slope values, it can be
concluded that an increase in NDVI by 0.1 unit corresponded to the increase in grain yield by about
1.5–1.6 t·ha−1 in both years (Figures 5 and 6).

188



Agronomy 2020, 10, 1842

Figure 5. Relationships between grain yield (charts in the left side), number of spikes per square
meter (charts in the right side) and NDVI values for three locations (A—Brożówka, B—Zdziechów,
C—Kryłów) for the dates when the correlations reached maximum values in 2017. Regression equations
and the value of the R2 coefficient are given for each relationship.
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Figure 6. Relationships between grain yield (charts in the left side), number of spikes per square meter
(charts in the right side) versus NDVI for three locations (A—Brożówka, B—Zdziechów, C—Kryłów)
for the date when their correlations reached maximum values in 2018. Regression equations and the
value of the R2 coefficient are given for each relationship.

In location B, the strongest relationship between NDVI and grain yield was registered in late
June of 2017 (end of milk maturity of winter wheat) and in the second half of May 2018 (shooting and
heading of winter triticale). In this research site, the relationships were the strongest among the three
examined locations, i.e., the R2 value was about 0.70–0.75 (Figures 6 and 7). Moreover, the relationship
between NDVI and the number of spikes was slightly weaker. The increase in NDVI by 0.1 unit was
related to an increase in grain yield of about 8.0 t·ha−1 in 2017 and about 2.5 t·ha−1 in 2018.
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Figure 7. Values of correlation coefficients between vegetation indices and grain yield (t·ha−1) in three
locations (A—Brożówka, B—Zdziechów, C—Kryłów) on the selected dates in years 2017 (charts in the
left side) and 2018 (charts in the right side).

In location C in 2017, the strongest correlation between NDVI and both grain yield and number
of spikes was observed, respectively, on 21 June and 11 July (milk and dough maturity). In 2018,
the strongest relationships between NDVI and both grain yield and spike number per square meter
were obtained at the end of April and June. Due to a lack of data (clouds), it was not possible to
verify this relationship at the end of May. The relationship was much stronger in 2018 than in 2017,
mainly due to the considerably higher within-field variability of soil and consequently grain yield
variability (Coefficient of Variation—CV) for grain yield was 6% and 16%, respectively, for 2017 and
2018). Based on the regression equations (Figures 5 and 6), it was evaluated that an increase in NDVI
by 0.1 unit was related to the increase in grain yield by about 1.0 t·ha−1 in 2017 and about 2.1 t·ha−1

in 2018. For all six site years, the strongest correlation between NDVI and grain yield and number
of spikes was observed on similar dates and at similar growth stages. This is because the number of
spikes per square meter usually very strongly affects grain yield.

3.4. Relationships between the Other Vegetation Indices and Grain Yield and Spike Number

Regression analyses performed to evaluate the strength of the relationship between the vegetation
indices (SAVI, mSAVI, mSAVI2, GEMI, IPVI, RVI) and grain for each crop in 2017 and 2018 (Figure 7)
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indicated that the strongest relationships were observed for most of the VIs on the same dates.
In location A, the highest correlations were observed at the end of May (end of shooting stage) in
2017, and from late May to mid-June (heading stage) in 2018. In location B, in 2017, the value of
the correlation coefficients differed for individual VIs on several dates, while, in 2018, the strongest
relationships were achieved in mid-May (beginning of heading stage) and at the end of June (milk
maturity stage) for all VIs. The highest differentiation in the correlation coefficient values for the
relationship between various VIs and yields was observed at the end of June and beginning of July
(milk maturity stage) of 2017 in location C. In 2018, in all locations, the correlation coefficients had
similar values for all VIs across the whole season.

The vegetation indices (VI) are ranked by order of decreasing correlation (data not shown) with
yield as follows: SAVI, MSAVI, NDVI, MSAVI2, IPVI, RVI, GEMI. This ranking was carried out by
averaging the R2 values from all of the measurement dates and research areas. The strength of the
correlation of VIs with the number of ears was evaluated in the same way as above, and the order of
decreasing correlation was as follows: NDVI, SAVI, MSAVI, MSAVI2, IPVI, RVI, GEMI.

4. Discussion

Constant field monitoring using RS methods is important not only for grain yield prediction,
but also for the assessment of the site-specific conditions of plant development during the growing
season [31,32]. This may allow us to introduce site-specific management of the field, and thus increase
yields or save inputs.

4.1. Relationships between NDVI and Grain Yield

Our results for winter cereals, which constitute the majority of crop production in Central Europe,
proved moderate and strong relationships (R2 in range of 0.35–0.81 for all fields in two seasons,
Figures 5 and 6) between the NDVI and grain yield of winter wheat and triticale for all of the studied
fields. At location A, the correlation coefficient grew from mid-March to the end of May, when it
reached the highest value. From the beginning of June to mid-July, we noticed a decrease in this
correlation. The highest correlation coefficients are observed from the beginning of June to mid-July
due to the growth stages such as heading, milk maturity, or dough maturity for location B. At the
site C, we can see high rates of milk maturity at the end of June. A similar tendency, though with
lower correlation values, can be observed when comparing the number of spikes per square meter.
Similar results were achieved by Benedetti and Rossini (1993) [4] in Italy and by Smith et al. (1995) [5]
in Western Australia for wheat. In both studies, AVHRR/NOAA satellite data were used for the
calculation of NDVI. In Italy, R2 coefficient values for the relationship between NDVI and grain yield
ranged from 0.24 to 0.749, and for Australia they ranged from 0.46 to 0.72. Ali et al. (2019) [17] observed
higher R2 values of 0.878 and 0.926 for the relationship between the grain yield of winter and bread
durum wheat and NDVI when the values of this index were derived from Landsat images. In turn,
Labus et al. (2002) [6] achieved low R2 values ranging from 0.00 to 0.69 when wheat yield prediction
was based on NDVI derived from AVHRR/NOAA satellite data. In our study, very low R2 values were
obtained in April and May, and higher R2 values were mainly close to the heading stage and at the
end of the growing season (Tables 5 and 6). Therefore, while comparing many different studies, we
can expect that, regardless of the research region, the relationship between NDVI and the grain yield
remains at a similar level depending on the growth stage of the studied cereal.

4.2. Determination of Dates and Plant Growth Stages When Relationship between NDVI and Grain Yield Was
the Strongest

Veloso et al. (2017) [10] found, for southeastern France, that NDVI reached maximum values in
the second half of May, while, in Poland, depending on the research location, the highest NDVI values
were reached from the end of April to the end of June (Figure 4). The site-related differences in the
absolute NDVI values and the date at which they reached their maximum may primarily be influenced
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by the environmental conditions, mainly weather and soil conditions. This, in turn, closely depends
on the climate in a specific region (amount of rainfall, growing degree days) and the amount of
nitrogen applied. In the study of Naser et al. (2020) [33], much stronger correlations between NDVI,
measured using a ground sensor, and the grain yield of winter wheat were observed for dryland than
for irrigated conditions. The reason for such results was the greater range of absolute NDVI values for
dryland in comparison to irrigated conditions. In that study, the highest correlations were observed
after anthesis for both types of conditions. Very strong relationships between NDVI, measured using a
ground spectrometer, and wheat yield were observed in a study where the effect of various nitrogen
doses (from 0 to 210 kg/ha) was investigated [34]. The strongest correlations (R2 up to 0.96) were
achieved at the heading stage. According to Satir and Berberoglu (2016) [35], the strength of the
relationship between satellite-derived NDVI and the yields of wheat, corn and cotton was modified by
soil conditions, e.g., soil salinity. This is because soil surface and soil water content can affect the values
of vegetation indices, as well as the fact that water availability for plants is limited in high-salinity
conditions. A better prediction of grain yield in the variable soil conditions of south Turkey can be
achieved not only using prediction models such as NDVI, but also other spectral indices such as
Normalized Difference Water Index (NDWI), Soil-Adjusted Vegetation Index (SAVI) or Tasseled Cap
Wetness Index (WETNESS). The highest prediction accuracy for wheat was using the model which
includes NDVI, NDWI and WETNESS. Prediction of wheat yield based on satellite-derived NDVI was
improved if auxiliary data such as grain yield from previous seasons were included in models [36].
Dempewolf et al. (2013) [12] obtained the highest R2 values of 0.964 for NDVI and the yield of wheat
grown in Pakistan six weeks before harvest. In our studies, the highest R2 value was observed at
the end of April, i.e., about 12 weeks before harvest in the case of the field located in southeastern
Poland. These results are similar to those of Kussul et al. [13] (2014), obtained in Ukraine, where a
good prediction of winter wheat yields was possible even 2–3 months before harvest. The latest date
(beginning of July) when the correlation coefficient for the relationship yield versus NDVI was the
highest was observed in location B (Zdziechów) in central Poland in 2017. Similar results were obtained
in Hungary by Nagy et al. (2018) [15] and Lopresti et al. (2015) [11] in Argentina, where good yield
prediction was possible six weeks before harvest. Ali et al. (2019) [17] observed the highest correlation
between NDVI and yield for winter bread wheat from stem elongation to the milk maturity of the
grain, i.e., 6–17 weeks before harvest. In summary, the choice of the date of the yield estimation with
the best accuracy does not depend only on long-term field and satellite measurements. Environmental,
weather, and soil conditions should also be taken into account. As shown above, a yield estimation can
be properly performed even between 3 months and 6 weeks before harvest, depending on the research
region and the field-specific conditions.

4.3. Relationship between Other VIs and Grain Yield

According to Purevdorj et al. (1998) [37], SAVI and its modifications usually show higher
correlations with grain at the beginning of the growing season compared to NDVI. According to Ren
et al. (2018) [38], SAVI, with its modifications, should be used to estimate vegetation coverage at
low vegetation density on arable land. In our study, the value of the correlation coefficient for the
relationship between SAVI and grain yield was similar to the relationship with NDVI for both seasons
and locations. Moreover, only in locations A and C in 2017 were the correlations between SAVI and
grain yield stronger in early spring. For location A, during two vegetative seasons, we saw an increase
in the correlation coefficient at the beginning of the growing season and a decrease in the cereals’
subsequent growth stages. For location B, the correlation coefficient increases until the beginning
of June and slightly decreases until the end of July. In tested area C, an increase in the correlation
coefficient value is noticed until mid-June, followed by a sharp decline by the end of July.

Ali et al. (2019) [17] selected NDVI and SR (referred to RVI in our study) as better VIs in
comparison to EVI, SAVI, GNDVI, and GCI. Their conclusion was that SAVI never exhibited the
strongest correlation with yield in comparison with other VIs, although, its correlation with grain
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yields was, most frequently, significant and strong. On the contrary, our research results proved that
SAVI (and its modifications) and NDVI are ranked as VIs with the highest correlations with yield and
number of spikes.

Moreover, Ali et al. (2019) [17] obtained R2 values of about 0.8 for durum and bread wheat yield
and NDVI, EVI, and SR. We achieved Pearson’s correlation values of 0.4 between winter wheat and
triticale yield and SAVI, but 0.3 with mSAVI, NDVI, IPVI, RVI (SR), and GEMI. These differences most
probably arise from a different method being used for the collection of yield data.

5. Conclusions

Various vegetation indices (SAVI, MSAVI, NDVI, MSAVI2, IPVI, RVI and GEMI), their calculation
based on the red and near-infrared radiation derived from the Sentinel−2 imagery, showed similar
relationships with grain yield and number of spikes per square meter of winter wheat and triticale as
the commonly used NDVI. While comparing the grain yield and the number of spikes from NDVI for
all three locations during two seasons, it can be seen that the values of R2 for the number of spikes per
square meter are lower than the values of R2 for the grain yield. Consequently, the grain yield is a
better yield prediction parameter than number of spikes per square meter. In general, the relationship
between NDVI values and grain yield was stronger at more advanced growth stages. Depending on
the region of Poland, the strongest correlations between NDVI and yield and its main component
were obtained for NDVI derived from images obtained at the end of April (beginning of shooting) in
southeastern Poland, at the end of May (beginning of heading) in the northeastern part of the country
and only at the end of June (at milk maturity) in the central region of Poland. The divergence in these
periods may result from the sowing date, but also from different climatic conditions, especially GDD
values, in the three micro-climate regions of Poland. The different strengths of the relationships may
be caused by the soil water deficiency due to variable weather and soil conditions, depending on the
research location, at different growth stages. Within-field water variability was higher, especially on
sandy soils (which were common in some parts of the field in location B) at later growth stages when
air temperatures were higher and negative balance between rainfall and evapotranspiration was more
common than in locations A and C [39]. Moreover, the presence of clouds, which made the registration
of useful satellite images impossible on some dates, also contributed to the results obtained in this
study. For example, in location C in southeastern Poland, there were no cloudless images available in
May in both seasons and, because of this, it was not possible to evaluate the relationships between VIs
and yield for some important growth stages of the crop. The proposed estimated time for accurate
yield prediction is about 4–6 weeks before harvest (from the beginning of shooting to milk maturity).
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Abstract: Farmers may be reluctant to adopt variable rate nitrogen (VRN) management because of
uncertain profits. This study assessed field landscape, soil, and weather effects on optical sensing
(OS)-based VRN on cotton (Gossypium hirsutum L.) N rates, yields, and net returns (NRs). Field data
were collected from 21 locations in Louisiana, Mississippi, Missouri, and Tennessee, USA, between
2011 and 2014. Data included yields, N rates, and NRs for the farmer practice (FP), OS-based VRN,
and OS-based VRN supplemented with other information. Production data were augmented with
landscape, soils, and weather data, and ANOVA and logistic regressions were used to identify
field conditions where VRN was profitable, provided risk management benefits, and improved N
efficiency. Key findings indicate that NRs were improved with VRN by applying additional N on
more erodible soils. Higher organic matter soils also benefited from VRN through enhanced yields
and NRs. VRN may also have provided risk management benefits by providing a lower probability
of NRs below NRs for the FP on soils associated with greater water-holding capacity, higher organic
matter levels, or deeper profiles. Results from this study may help identify farm fields with similar
characteristics for adoption of VRN management.

Keywords: economics; normalized difference vegetation index (NDVI); on-the-go sensors; site-specific
nutrient management

1. Introduction

Upland cotton (Gossypium hirsutum L.) is an important crop in the lower Mississippi River Basin (MRB)
of the United States (US) that includes the states of Louisiana, Mississippi, Missouri, and Tennessee [1].
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Cotton area planted in the four states was 700,405 ha in 2019 [2]. Nitrogen (N) is the plant nutrient most
often applied in the largest amounts by farmers growing upland cotton [3,4]. Nitrogen is especially
important for lint yield formation after the cotton plant’s first bloom [5]. Under application of fertilizer N
reduces lint yield and profit. However, over application of fertilizer N in cotton increases fertilizer costs
and can also cause excessive vegetative plant growth rather than increased production of cotton bolls
that contribute to lint yield and profit [6]. Excessive vegetative growth can decrease lint yield due to boll
rot and insects, reduce lint fiber quality, and cause increased expenses due to additional applications of
pesticides and plant growth regulators to prevent lint yield losses [6].

Over application of fertilizer N can also negatively affect water quality. Nitrogen, especially in the
form of nitrates, can leach from farm fields into surface and ground water [7]. This may be especially
true if farmers apply a uniform N rate across individual fields. Efficient N management on fields in the
lower MRB is an important priority for the US Department of Agriculture (USDA) Natural Resources
Conservation Service (NRCS) [1]. The goal of the USDA NRCS is to reduce nutrient and sediment
loading to local and regional water bodies and to improve water use efficiency. The USDA NRCS
promotes the use of variable rate N (VRN) management to apply different rates of fertilizer N across
farm fields based upon soil N and crop needs through the Environmental Quality Incentives Program
(EQIP) [8]. However, by 2017, only 9.5% of upland cotton growers adopted VRN [9]. Grower uncertainty
about the profitability of managing soil N spatial and temporal variability may be an important factor
influencing VRN adoption by farmers [10].

Optimal fertilizer N management depends on the amount of available N derived from the soil and
fertilizer [11]. Complex interactions between land use, crop management, landscape characteristics,
soil properties, and weather influence N soil availability to plants [12]. Soil properties and soil N
can vary substantially within farm fields [11]. Alluvial soils in the floodplains of the lower MRB
(USDA NRCS Major Land Resource Area 131) frequently exhibit significant variation in texture and
N availability [6]. Loess soils are common on cotton fields located in the lower MRB (USDA NRCS
Major Land Resource Area 134) and are subject to water-induced soil erosion because of the rolling
landscapes upon which these soils occur in the region [13]. Soils redistributed by water-induced soil
erosion cause variation in a field’s soil properties and, consequently, field soil N [14].

Rainfall and temperature also interact with soil and landscape attributes to cause spatial and
temporal variability of soil N that complicates cotton N management [15]. Soil testing for N is unreliable
in the warm, humid climate of the lower MRB because soil N varies greatly with soil organic matter,
soil texture, tillage, and other factors [16]. Consequently, lower MRB cotton growers generally do
not completely rely on soil test information to manage N [6]. Growers and their crop consultants
develop a single (uniform) rate for the field using Land Grant University fertility recommendations,
their experience, and other considerations, including cotton variety, soil texture, and crop rotation.

Given the unreliability of N soil tests, plant-based measurements can be used to determine crop
demand for N. For example, in-season N status can be assessed using visual inspection of plants for N
deficiency symptoms, petiole NO3-N or leaf tissue sampling, or chlorophyll meters to determine N
status in the growing cotton for in-season fertilizer N applications up to the early bloom stage [16,17].
However, assessing plant N status using hand-held devices is labor intensive and may not provide
sufficient information to determine N rates for VRN management. Ground-based optical sensing (OS)
of the growing crop canopy facilitates assessment of crop N status throughout the field and provides
growing spatial plant canopy data useful for determining VRN rates that vary across the field [11,17].

Most of the studies evaluating OS-based VRN reported crop yields similar to yields for the uniform
fertilizer N rate (i.e., conventional or farmer practice) [18–25]. Thus, an important factor driving the
profitability of OS-based VRN is lower fertilizer N rates relative to the uniform rate. Researchers have
reported fertilizer N savings with OS-based VRN of as much as 69 kg ha−1 [22]. However, other studies
have reported increased applications of fertilizer N relative to the uniform rate of as much as 84 kg ha−1

with OS-based VRN [24]. Researchers evaluating the economic feasibility of OS-based VRN have found
mixed profitability results. Studies that reported a lack of profitability found similar yields but did
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not find sufficient fertilizer N cost savings to provide a profit [18–20,24]. Research reporting positive
profitability through enhanced yields and N cost savings did not include the costs of OS information
and VRN application [22,23,25]. Costs of information used to produce the VRN prescription and VRN
application costs are also important factors influencing the profitability of the technology [26]. VRN
management may also mitigate yield and profit risk compared to uniform N management by reducing
the probability of yield or profit below a threshold level [27,28].

Farmers are often unwilling to adopt technologies such as OS-based VRN unless they see the potential
for positive profits [26]. This is especially a problem for N management in the lower MRB because plant
response to N is influenced by landscape, soil, and weather characteristics. Quantifying how spatial
and temporal factors affect yields, N use, profitability, and the risk management potential of VRN may
be useful to cotton farmers in the lower MRB interested in adopting OS-based VRN. The objective of
this research was to determine how landscape, soil, and weather influence fertilizer N use, lint yields,
and profitability of OS-based VRN for cotton in the lower MRB.

2. Materials and Methods

2.1. Lint Yield and Fertilizer N Data

Lint yield and fertilizer N application rate data for the farmer practice (FP) and OS-based VRN
management were from 21 study locations (Table 1). Farmers participating in the trials were eligible
to receive payments to adopt VRN through USDA NRCS EQIP [8]. Stefanini et al. [24] previously
reported differences in field-level fertilizer N use, lint yields, and profitability. The on-farm field trials
were conducted between 2011 and 2014 at six locations in Tennessee, four locations in Mississippi,
five locations in Louisiana, and six locations in Missouri. Most locations had only one year of data.
However, several locations had two to three years of trials. Within each of the locations with multiyear
trials, different fields were used for each year. A total of 29 site-years of data were collected in the study.

The field trial experimental design for each site-year was a randomized complete block design
with three fertilizer N treatments and three replications. A strip-plot running the entire field length
was used as the plot for each treatment in each replicate. Each strip-plot was further divided into
sub-plots. The sub-plots were used to implement the two VRN treatments evaluated in this study.
Cotton was planted on the nine strip-plots at each site, each with 8 to 10 sub-plots, that measured
approximately 30.5 by 11.6 m. A different field on each participating farm was used for each site-year.
While researchers attempted to choose similar field sizes in each year of the study, variation in field
sizes resulted in different numbers of sub-plots within the strip-plots among the site-years (Table 1).
However, the same number of sub-plots for each strip-plot within each site-year was maintained
during the study.

The trials evaluated FP N management versus two OS-based VRN management regimes. The FP
treatment was N application based on the farmer’s current practice. Cotton farmers and their crop
consultants often formulate their fertilizer N rate for the field using University recommendations,
their experience, and agronomic and soil considerations [6]. Optical sensing-based VRN treatment 1
(VRN 1) was VRN management calculated using the normalized difference vegetation index (NDVI)
readings collected with the GreenSeeker™ Crop Sensing System (Trimble, Sunnyvale, CA, USA) or
Yara™ N-Sensor (Yara North America, Tampa, FL, USA) canopy optical-sensing. The configurations of
sensor arrays were different in each state where the field trials took place. In Tennessee, a GreenSeeker™
RT200 system with six sensors (1.93 m apart and 0.76 m above the cotton canopy) covering 12 rows of
cotton (11.58 m wide) was used to collect about two scans s−1 at a field speed of about 7.64 km h−1.
The second OS-based VRN treatment (VRN 2) was VRN management based on NDVI readings but
augmented with additional information.
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Table 1. State and county/parish locations of the farm fields.

State
County/Parish
Field Locations

Years (Number of Field Sub-Plots) A

Louisiana Tensas Parish Res
Station 2012 (89)

Louisiana Tensas Parish
Middle 2012 (90) 2013 (90)

Louisiana Tensas Parish
Middle Low

2014 (90)

Louisiana Tensas North 2012 (90) 2013 (100)

Louisiana Tensas Parish
South 2012 (90) 2013 (90) 2014 (80)

Missouri Dunklin 2013 (12)
Missouri New Madrid East 2012 (24)
Missouri New Madrid North 2012 (33)
Missouri New Madrid South 2012 (12)
Missouri Pemiscot North 2013 (6)
Missouri Pemiscot South 2013 (6)

Mississippi Adams 2012 (107)
Mississippi Leflore East 2014 (35)
Mississippi Leflore North 2013 (60)
Mississippi Leflore South 2013 (48)

Tennessee Carroll 2014 (72)
Tennessee Gibson 2011 (72) 2012 (88)
Tennessee Lauderdale 2012 (90) 2013 (90) 2014 (90)
Tennessee Madison North 2012 (72) 2013 (72)
Tennessee Madison South 2014 (72)
Tennessee Tipton 2012 (72)

A The number in parentheses indicates the total number of sub-plots at each field site. The field trials were conducted
using a randomized complete block design at each site. Two variable rate nitrogen treatments were compared
against the existing farmer practice. Each treatment was replicated three times in three strip-plots at each site.
Strip-plots were divided into 8–10 sub-plots to implement the two variable rate nitrogen treatments in the field trials.
Different fields with dissimilar sizes were used on each farm in each year of the study and resulted in a variable
number of sub-plots at each site. However, the same number of sub-plots for each strip-plot within each site-year
was maintained during the study. Yields were measured in Missouri at the strip-plot rather than the sub-plot level.

Two split applications of fertilizer N were made for the three fertilizer N management regimes.
Starter fertilizer was applied at or before the planting of cotton and was determined by each farmer
participating in the study. A uniform blanket rate of fertilizer N was applied to the entire field (covering
all three treatment areas) with rates ranging from 33.6 to 78.4 kg N ha−1, depending on the farm field
location. A second side dress application of fertilizer N for the FP was made at approximately the early
bloom stage. For the two VRN treatments, crop N status was determined using canopy optical-sensing
at about the early bloom stage for each site-year of the trial and fertilizer N was side dressed variably
on the sub-plots, thereafter based on the NDVI readings for the VRN 1 treatment and NDVI readings
and either digital yield maps (Mississippi and Tennessee), soil productivity zones (Louisiana), or soil
zones (Missouri) for VRN 2. Each state used different algorithms for the VRN 1 and VRN 2 treatments
because each state has different soils, climates, and management practices for cotton. The unpublished
algorithms were developed based on multiple-year and multiple-location data from previous research
in each state.

The other production practices used to grow cotton on each field trial site were determined by
the farmer cooperators in the study. Data collected for each sub-plot (strip-plot in Missouri) included
harvested seed cotton yield, lint yields, applied fertilizer N rates, and latitude and longitudes for every
field site, except in Missouri, where yield data were collected at the strip-plot level rather than by sub-plot
(Table 2). In Louisiana, Mississippi, and Tennessee, cotton pickers with yield monitors were used to
harvest cotton and determine sub-plot seed cotton and lint yields. Yield monitors were not available on
cotton pickers at the Missouri sites so strip-plot yields rather than sub-plot yields were measured using
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a weigh wagon. A measure of nitrogen use efficiency (NEFF), defined as lint yield divided by fertilizer
N rate, was also calculated for each N management regime (Table 2) [24].

Table 2. Field trial sub-plot mean, maximum, and minimum values and the number of sub-plot
observations for lint yields, fertilizer nitrogen (N) rates, N efficiency (lint yield/fertilizer N rate), and net
returns for the three fertilizer N treatments that were collected from the 2011–2014 field trials.

Variable Name/
Summary Statistics

Fertilizer N Treatment

FP a VRN 1 b VRN 2 c

Lint yield (kg ha−1)
Mean 1332 1360 1349
Maximum 2397 2585 2565
Minimum 226 133 204
Observations 649 658 635

Fertilizer N rate (kg ha−1)
Mean 107 109 114
Maximum 244 226 253
Minimum 34 54 34
Observations 660 659 635

Nitrogen efficiency (lint yield/fertilizer N rate, index)
Mean 18 14 14
Maximum 120 54 40
Minimum 1 1 1
Observations 649 658 635

Net return (USD ha−1)
Mean 2226 2315 2264
Maximum 4081 4233 4167
Minimum 481 239 333
Observations 649 658 635

a FP, farmer practice nitrogen management on each field in the study. b VRN 1, variable rate nitrogen management
calculated using normalized difference vegetative index readings. c VRN 2, variable rate nitrogen management
based on normalized difference vegetative index readings and either digital yield maps (Mississippi and Tennessee),
soil productivity zones (Louisiana), or soil zones (Missouri).

2.2. Landscape, Soil, and Weather Data

Landscape, soil, and weather data were collected to determine differences within and between fields
for each location-year. Georeferenced landscape, soil, and weather data were assembled from the center
point of each sub-plot (strip-plot for Missouri locations) using ArcGIS 10.1 (ESRI, Redlands CA, USA).
Sub-plot elevations (m above sea level) were collected from the National Elevation Dataset [29]. Soil
water-holding capacity (volume fraction), soil organic matter (%), soil texture, soil depth (cm), field
slope, and soil erosion factors were gathered from the Soil Survey Geographic (SSURGO) database [30].
Soil texture data in SSURGO were used to rank textures by coarseness—clay (finest), silt, loam, and sand
(coarsest)—using the USDA soil texture calculator [31].

A soil erosion index (SEI) was created using SSURGO [30] data, USDA Revised Universal Soil
Loss Equation, version 2 (RUSLE2) data [32], and a modified universal soil loss equation to account for
the physical factors of the fields [24]:

SEI = (KF × LS × R)/TF (1)

where KF is an erodibility factor due to water, LS is a soil length (L) and slope steepness (S) factor, R is the
rainfall and runoff factor from USDA RUSLE2 version 2.5.2.11 [32]; and TF is a soil tolerance factor.

Weather was measured by temperature [33], expressed as seasonal growing degree days. To calculate
seasonal growing degree days, the positive values of daily average temperature minus 15.6 ◦C was
summed over 1 April through 31 October for each site-year.
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2.3. Fertilizer N Management Net Returns

Net returns for the FP, VRN 1, and VRN 2 treatments were estimated using sub-plot lint yields,
fertilizer N rates, lint and N fertilizer prices, and partial budgeting costs for OS and VRN technologies
(Table 2). Price and budget data are in real 2013 US dollars indexed using the annual Gross Domestic
Product Price Deflator Index [34]. Crop revenues were estimated by multiplying lint yields for each
N management treatment by the national average marketing year cotton lint price of USD 1.86 kg−1

received for 2011 through 2014 [35]. EQIP cost-share payments (NRCS precision nutrient management
practice code number 590) for each state for 2011 through 2014 were also added to crop revenues.
Estimated payments were USD 68.21 ha−1 in Mississippi [36], USD 68.46 ha−1 in Louisiana [37], USD
65.85 ha−1 in Tennessee [38], and USD 32.64 ha−1 in Missouri [39].

Fertilizer N cost of USD 0.93 kg−1 was multiplied by the fertilizer N rate to determine fertilizer
N cost for each N management regime. The fertilizer N price is the national average marketing year
fertilizer N prices received for 2011 through 2014 [40]. Following Stefanini et al. [24], budgeted skilled
operator labor and equipment operating and ownership costs of USD 2.14 ha−1 and USD 2.45 ha−1,
respectively, for OS of the crop canopy was assumed for GreenSeeker™ sensors retrofitted to a boom
sprayer measuring 24.7 m wide. The cost of yield monitoring data identifying yield productivity zones
in the field was assumed to be used to augment OS information for the VRN 2 prescription and had
a budgeted cost of USD 2.73 ha−1. In addition, the budgeted costs of a computer to manage yield
monitor data of USD 0.31 ha−1 and reported cost of technical advice for incorporating yield monitor
with OS information of USD 12.63 ha−1 [41], respectively, were included in the total cost for VRN 2.
The cost of VRN application was estimated to be USD 6.60 ha−1 more than for the FP [41].

2.4. Statistical Analysis

Two statistical models were used to evaluate OS-based VRN in-field fertilizer N rate, lint yield,
and net return (NR) relationships with farm field characteristics. The first is a general linear model
for the fertilizer N management mean differences. The sub-plot lint yields (YLD), fertilizer N rates
(FNs), N efficiency (FNEFF), and NRs (FNRs) that are summarized in Table 2 were used to construct
the regressions’ dependent variables. The dependent variables were created using paired sub-plot
observations in each strip-plot to measure differences between VRN 1 and the FP (VRN 1-FP) and
VRN 2 and the FP (VRN 2-FP). For example, field 1, replication 1, and sub-plot 1 for the VRN 1
treatment versus field 1, replication 1, and sub-plot 1 for the FP treatment. This procedure resulted in
1263 observations available for each of the regressions (Table 3). Fixed effects included in the mean
difference regressions are landscape, soil, and weather characteristics georeferenced to each sub-plot.
To account for potential differences in landscape and soil characteristics between paired VRN and FP
sub-plot observations within each replication, observations were omitted from the regressions if soil
characteristics differed between the two sub-plots. For example, if soil texture differed across field 1,
replication 1, and sub-plot 1 for the VRN treatment versus sub-plot 1 for the FP treatment, then the
observation was omitted from the regressions; if not, the observation was retained for the estimation.
The summary statistics for the landscape, soil, and weather variables used as fixed effects in the mean
difference regressions are also presented in Table 3.
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Table 3. Dependent and fixed-effect variable names, definitions, and statistics (mean, minimum, maximum,
and number of available observations) for the mean difference and logit regression models.

Variable Name Mean Minimum Maximum Observations

Mean difference regression dependent variables
ΔYLD a 37.05 −1941.20 2077.53 1263
ΔFN b 4.95 −67.59 125.36 1263
ΔFNEFF c −3.21 −96.52 20.18 1263
ΔFNR d 102.37 −3630.32 3668.06 1263

Logit regression dependent variables
YLDprob e 0.45 0 1 1263
FNprob f 0.55 0 1 1263
FNEFFprob g 0.47 0 1 1263
FNRprob h 0.37 0 1 1263
Fixed Effects

Soil texture index i 2.14 1 4 1221
Elevation j 64.20 21.64 136.36 1262
WHC k 0.21 0.08 0.23 1168
SOM l 1.85 0.52 2.25 1166
SEI m 7.03 0.21 39.13 1158
Depth n 21.32 8.00 64.00 1152
GDD o 1574.3 1025.93 1943.27 1263
ν p 0.33 0 1 1263

a
ΔYLD, difference in optical sensing-based variable rate nitrogen management and farmer practice nitrogen

management lint yields (kg ha−1). b
ΔFN, difference in optical sensing-based variable rate nitrogen management and

farmer practice nitrogen management fertilizer nitrogen rates (kg ha−1). c
ΔFNEFF, difference in optical sensing-based

variable rate nitrogen management and farmer practice nitrogen management fertilizer nitrogen efficiency measured as
lint yield divided by fertilizer nitrogen rate (index). d

ΔFNR, difference in optical sensing-based variable rate nitrogen
management and farmer practice nitrogen management net returns (USD ha−1). e Yprob, if optical sensing-based
variable rate nitrogen management lint yield is less than farmer practice nitrogen management lint yield, then 1; else 0.
f Nprob, if optical sensing-based variable rate nitrogen management fertilizer nitrogen rate is less than farmer practice
nitrogen management fertilizer nitrogen, then 1; else 0. g NEFFprob, if optical sensing-based variable rate nitrogen
management nitrogen efficiency is less than farmer practice nitrogen management nitrogen efficiency, then 1; else 0.
h NRprob, if optical sensing-based variable rate nitrogen management net return is less than farmer practice nitrogen
management net return, then 1; else 0. i Soil texture index, 1 = Clay, 2 = Silt, 3 = Loam, and 4 = Sand. Sand is the
reference variable in the regressions. Sources: [30,31]. j Elevation, vertical distance above sea level (m). Source: [29].
k WHC, water holding capacity (volume fraction). Source: [30]. l SOM, soil organic matter (%). Source: [30]. m SEI,
soil erosion index. n Depth, soil depth (cm) from the top of the soil to the base of the soil horizon. Source: [30]
o GDD, growing degree days, 1 April through 1 October, base 15.6 degrees Celsius: Source: [33]. ν p, 0–1 variable
indicating variable rate nitrogen treatment using normalized difference vegetative index and either digital yield maps
(Mississippi and Tennessee), soil productivity zones (Louisiana), and soil zones (Missouri).

The general linear model for the fertilizer N management mean differences was:

ΔYijklt = μ+ Xltβ+ v + ϕ j + ϕk( j) + eijklt, (2)

where i = 1 (VRN 1 − FP), 2 (VRN 2 − FP); j = 1, . . . , 21 farm field locations; k = 1, 2, and 3 replications
on fields; l = 1, . . . , 8 to 10 replication sub-plots within each strip-plot; t = 2011, 2012, 2013, and 2014;
ΔYijklt = YVRNi − YFP is defined as the mean difference in the response variable Y (lint yields (ΔYLD,
kg ha−1), fertilizer N rates (ΔFN, kg ha−1), YLD/FN (ΔFNEFF, index), and NR (ΔFNR, USD ha−1)) for
VRN 1 or VRN 2 compared to the FP; μ is the conditional mean; X includes sub-plot measurements
on soil texture (clay, silt, loam, and sand), elevation above sea level (m), soil water-holding capacity
(volume fraction), soil organic matter (%), soil depth (cm), soil erosion index, and seasonal growing
degree days (degrees Celsius); β is a vector of the estimated average landscape, soil, and weather effects
on ΔY; and ν is a 0–1 variable indicating the VRN 2 treatment. The parameters ϕ j and ϕk( j) are the farm
field location random effects and the nested random effects from replications in farm field locations,

with ϕ j ∼ N
(
0,σ2
ϕ j

)
and ϕk( j) ∼ N

(
0,σ2
ϕk( j)

)
. The model error is eijkt ∼ N

(
0,σ2

e

)
[42].
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The models using Equation (2) were estimated using the MIXED model procedure and restricted
maximum likelihood in SAS 9.2 [43]. The sand soil texture 0–1 variable was dropped to estimate
regressions and was included as the reference variable in the intercept term. The mean difference
models were evaluated for multicollinearity using variance inflation factors (VIF) estimated using the
REG model procedure in SAS 9.2 [43]. VIF exceeding 10 may indicate that multicollinearity is increasing
the size of the parameters’ standard errors [44]. Models estimated using Equation (2) tested the null
hypotheses that mean yields, fertilizer N rates, NRs, and N efficiency were not different between VRN
and FP, holding landscape, soil, and weather factors constant.

The second statistical model is estimated as a mixed logistic regression:

Pr
(
VRNijklt > FPijklt

∣∣∣Xlt

)
= Logistic

(
μ+ Xltβ+ v + ϕ j + ϕk( j) + eijklt

)
(3)

where Pr(VRNijklt > FPijklt

∣∣∣Xlt) is the probability that the response variable (lint yields (YLD, kg ha−1),
fertilizer N rates (FN, kg ha−1), YLD/N (NEFF, index), and NRs (FNR, USD ha−1)) for VRN falls above
or below the FP value. The sub-plot data summarized in Table 2 were used to construct the logit
regressions’ dependent variables and are presented in Table 3. The binary dependent variables using
the paired sub-plot observations in each strip-plot were calculated as:

If YLDVRNi −YLDFP < 0, then YLDprob = 1; else, YLDprob = 0; (4)

If FNVRNi − FNFP > 0, then FNprob = 1; else, FNprob = 0; (5)

If FNEFFVRNi − FNEFFFP < 0, then FNEFFprob = 1; else, FNEFFprob = 0, and (6)

If FNRVRNi − FNRFP < 0, then FNRprob = 1; else, FNRprob = 0. (7)

Equations (4)–(7) were estimated for each binary dependent variable with the same set of fixed
effects summarized in Table 3 and the same random effects used for the mean difference regressions
described above. The logit models were estimated using the GLIMIX model procedure and restricted
maximum likelihood in SAS 9.2 [43]. Multicollinearity was also evaluated in the logit regressions with
the same procedures used for the mean difference regressions [44]. The odds ratios calculated using the
estimated coefficients β of these logistic regressions are used to test the hypotheses comparing FP and
OS-based VRN. Each covariate’s impact on the odds VRN < FP is exp(β). In percent terms, the change
in the log odds probability that VRN lint yields, N rates, NEFF, or NRs exceeded those of the FP is
100× [exp(β) − 1]. The null hypotheses for Equations (4)–(7) was that the N management regime does
not affect the probability that yields, N rates, N efficiency, and NRs differ for VRN versus the FP, holding
soil, landscape, and weather variables constant.

3. Results and Discussion

3.1. VRN vs. FP Mean Differences

The VIFs were less than five for all covariates and all general linear regressions (lint yield, fertilizer
N rate, N efficiency, and NR), suggesting that multicollinearity was not inflating the parameters’
standard errors.

3.1.1. Lint Yields

The soil, landscape, and weather factors associated with lint yields in the estimated mean difference
regressions were silt soil texture (Pr ≤ 0.01), loam soil texture (Pr ≤ 0.05), elevation (Pr ≤ 0.01), organic
matter (Pr ≤ 0.01), soil depth (Pr ≤ 0.01), soil erosion index (Pr ≤ 0.01), and growing degree days
(GDD) (Pr ≤ 0.01) (Table 4). Soils classified as having a silty or loamy texture relative to sand (the
intercept term) were negative in relation to VRN yields when compared to FP. Higher temperatures,
as measured by seasonal GDD, or field sites at higher elevations also had a negative association with
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VRN yields compared to FP. Therefore, soils with coarser textures, fields at higher elevations, or fields
in locations with warmer temperatures were negatively related with VRN yields when compared to FP,
all other factors equal. Thus, VRN management may not increase lint yields on fields with these
conditions when compared to the FP. By contrast, soils with higher organic matter content, deeper
profiles, or subject to more erosion were positively associated with VRN yields relative to FP, all else
equal. Soils with more organic matter may have more natural N available to the plant [45]. Soils with
a higher erosion index had a positive association with lint yields, potentially because more N was
applied in areas of the field that were more eroded.

Table 4. Estimated average landscape, soil, and weather effects on lint yield, fertilizer nitrogen (N) rate,
N efficiency (lint yield/fertilizer N rate), and net return.

Fixed Effect a Lint Yield N Fertilizer Rate N Efficiency Net Return

(kg ha−1) (kg ha−1) (Index) (USD ha1)

Intercept b,c 32.54 −7.77 −9.87 856.58
(20.83) (1.91) *** (8.78) (372.90) **

Clay c −4.63 6.33 −12.41 −195.82
(−6.61) (0.61) *** (2.77) *** (118.31) *

Silt c −24.45 −1.68 −2.67 −376.13
(4.92) *** (0.45) *** (2.08) (87.97) ***

Loam c −14.00 −2.41 6.19 −190.16
(6.15) ** (0.56) *** (2.59) ** (110.02) *

Elevation −1.98 −0.05 0.03 −3.80
(0.53) *** (0.05) (0.02) (0.95) ***

WHC d 6.74 1.92 6.54 929.64
(−6.41) (0.59) *** (26.80) (1148.78)

SOM e 1.71 −0.03 8.39 297.60
(0.48) *** −4.44 (2.01) *** (86.15) ***

Depth 3.76 −0.27 0.08 6.58
(1.26) *** (0.12) ** (0.05) (2.27) ***

SEI 5.89 0.90 −0.43 6.62
(2.09) *** (0.19) *** (0.09) *** (3.75) *

GDD −0.34 0.04 −0.01 −0.71
(0.05) *** (0.00) *** (0.00) *** (0.09) ***

ν 24.82 5.81 0.02 26.02
(−20.59) (1.91) *** (0.86) (36.90)

Observations 1140 1140 1140 1140

Note: Standard errors are in parentheses. * Significant at the 0.10 probability level, ** significant at the 0.05 probability
level, *** significant at the 0.01 probability level. a Variable names are defined in Table 3. b Intercept contains sand soil
texture. c Soil texture coefficients scaled by 10%. d WHC coefficients scaled by 100. e SOM coefficients scaled by 100%.

3.1.2. N Fertilizer Rates

Many field soil, landscape, and weather characteristics were significantly related with N rate
differences between VRN-generated N rates and the FP (Table 4). Fertilizer N rate differences were
negatively associated with sand (the intercept term, Pr ≤ 0.01), silt (Pr ≤ 0.01), or loam (Pr ≤ 0.01) soil
textures but positively related with clay (Pr ≤ 0.01) when VRN was compared to FP. Finer-textured
soils required more fertilizer N applied due to the higher yield potential while coarser soils needed less
applied N. Soils with greater water-holding capacity (Pr ≤ 0.01), larger soil erosion indexes (Pr ≤ 0.01),
and higher GDD (Pr ≤ 0.01) were positive in relation to VRN N rates. All else equal, more N was
applied using VRN compared to FP on fields with a greater water-holding capacity, more erodible
soils, or warmer temperatures. Soils with deeper profiles (Pr ≤ 0.05) had a negative association to VRN
N rate compared to FP. The estimated dummy variable for VRN 2 showed significantly higher N rates,
indicating that OS plus yield monitor information calculated higher mean fertilizer N rates than the FP.
However, the higher fertilizer N rates generated with the additional information embodied in the N
management regime were not associated with higher lint yields (Table 4) and, therefore, limit the profit
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potential of VRN 2. In addition, the higher cost of information utilizing more expensive map-based
information with VRN 2 also impedes its profit potential [28].

3.1.3. N Efficiency

Differences in N efficiency for VRN and the FP were negatively associated with the clay soil texture
(Pr ≤ 0.01) compared to sand and positively associated with loam soil texture (Pr ≤ 0.05) (Table 4). Soils
that were richer in organic matter (Pr ≤ 0.01) had a positive association with N efficiency for VRN
compared to FP. More erodible soils (Pr ≤ 0.01) or fields with warmer temperatures (Pr ≤ 0.01) had
negative associations with VRN efficiency. While higher organic matter content (Pr ≤ 0.01) soils had
a positive relation to N efficiency of VRN compared to FP, all else equal, fields with more erodible soils
(Pr ≤ 0.01) and warmer temperatures (Pr ≤ 0.01) had negative associations to N use efficiency, likely
due to the need for higher N rates.

3.1.4. Net Returns

Soil, landscape, and weather factors also had significant impacts on mean NR differences (Table 4).
Silt soil textures (Pr ≤ 0.01) had a negative impact on VRN NRs when compared to FP NRs. As noted
above, the silt texture also had a negative association to VRN yields and VRN N rates. The N rates
savings may not have been enough to increase NR for that soil type. The soil texture reference variable
sand (Pr ≤ 0.05), however, had positive associations with VRN NRs compared to FP. Soils with higher
organic matter (Pr ≤ 0.01) or deeper profiles (Pr ≤ 0.01) were positively associated with VRN NRs
compared to FP. Higher elevation (Pr ≤ 0.10) fields had a negative association with VRN NRs compared
to FP. Soils at higher elevations may be more exposed to erosion from wind and rain events. All else
equal, warmer growing conditions as measured by GDDs were negatively associated with VRN yields
compared to FP, positively with N rates, and, thus, negatively with NR. Warmer temperatures are
correlated with dryer climates, particularly during the summer months in the United States [46], which
may cause the need for higher N rates because of increased volatilization of N to the atmosphere.
However, the higher N applied was not sufficient to increase yields such that VRN NRs were increased
relative to the FP.

3.2. VRN and Risk

The VIFs were less than five for all covariates and all logit regressions (lint yield, fertilizer N rate,
N efficiency, and NR), suggesting that multicollinearity was not inflating the parameters’ standard errors.

3.2.1. Lint Yields

Soil, landscape, and weather factors associated with lint yields in the estimated logit model were silt
soil texture (Pr ≤ 0.01), loam soil texture (Pr ≤ 0.01), water-holding capacity (Pr ≤ 0.10), organic matter
(Pr ≤ 0.05), soil depth (Pr ≤ 0.05), and growing degree days (Pr ≤ 0.01) (Table 5). Silt- or loam-textured
soils or soils on fields with warmer growing conditions are positively attributed with the probability of
lower VRN yields than FP (Table 6). Soils with greater water-holding capacity, higher organic matter
content, or deeper profiles are negatively associated with the probability of lower VRN yields than FP.
All else equal, higher organic matter in soils could potentially lower the probability of yield loss enough
to warrant VRN adoption for some farmers through lower fertilizer N rates.
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Table 5. Estimated logit regression coefficients of landscape, soil, and weather effects on lint yield,
fertilizer nitrogen (N) rate, N efficiency (lint yield/fertilizer N rate), and net return.

Fixed Effect a Lint Yield N Fertilizer Rate N Efficiency Net Return

Intercept b,c −0.9069 −1.1892 −2.5115 −1.3077
(1.2204) (1.4787) (1.3020) * (1.3024)

Clay c −0.2694 1.9090 4.1468 0.1044
(0.4686) (1.1793) (1.0628) *** (0.4491)

Silt c 1.7455 −3.8551 −0.1331 0.9767
(0.3584) *** (0.6889) *** (0.2960) (0.3522) ***

Loam c 1.2943 −3.7156 −0.9842 0.8824
(0.3934) *** (0.6505) *** (0.3852) ** (0.4067) **

Elevation 0.0044 −0.0177 −0.0025 0.0050
(0.0032) (0.0041) *** (0.00342) (0.0033)

WHC d −6.9961 17.7126 3.2916 −3.2100
(3.9285) * (5.3030) *** (4.4964) (4.0088)

SOM e −0.6101 0.4142 −0.3834 −0.5137
(0.2880) ** (0.3775) (0.3052) (0.2940) *

Depth −0.01872 0.0040 −0.0174 −0.0121
(0.0075) ** (0.0090) (0.0080) ** (0.0077)

SEI −0.0178 0.1221 0.0304 . 0.0003
(0.01217) (0.0166) *** (0.0129) ** (0.0125)

GDD 0.0012 0.0002 0.0018 0.0010
(0.0003) *** (0.0003) (0.0003) *** (0.0003) ***

ν 0.1126 0.4640 0.0321 0.1378
(0.1238) (0.1398) *** (0.1286) (0.1262)

Observations 1140 1140 1140 1140

Note: Standard errors are in parentheses. * Significant at the 0.10 probability level. ** Significant at the 0.05 probability
level. *** Significant at the 0.01 probability level. a Variable names defined in Table 3. b Intercept contains soil texture
sand. c Soil texture coefficients scaled by 10%. d WHC coefficients scaled by 100. e SOM coefficients scaled by 100%.

Table 6. Odds ratios and percent changes in log odds probabilities for landscape, soil, and weather
effects on lint yield, fertilizer nitrogen (N) rate, N efficiency (lint yield/fertilizer N rate), and net return
calculated from logit regression estimated coefficients a.

Fixed Effect b Statistic Lint Yield
N Fertilizer

Rate
N Efficiency Net Return

Intercept c,d Odds ratio NS NS 0.0811 * NS
Percent change NS NS −9.1885 * NS

Clay c Odds ratio NS NS 63.2313 *** NS
Percent change NS NS 622.3134 *** NS

Silt d Odds ratio 5.7287 *** 0.0212 *** NS 2.6557 ***
Percent change 47.2877 *** −9.7883 *** NS 16.5568 ***

Loam d Odds ratio 3.6484 *** 0.0243 *** 0.3737 ** 2.4167 **
Percent change 26.4844 *** −9.7566 *** −6.2626 ** 14.1669 **

Elevation Odds ratio NS 0.9825 *** NS NS
Percent change NS −1.75443 *** NS NS

WHC e Odds ratio 0.0009 * 4.9259 × 107 *** NS NS
Percent change −0.999 1* 4.9259 × 108 *** NS NS

SOM f Odds ratio 0.5433 ** NS NS NS
Percent change −0.4567 ** NS NS NS

Depth Odds ratio 0.9815 ** NS 0.9828 ** NS
Percent change −1.8546 ** NS −1.7200 ** NS

SEI Odds ratio NS 1.1299 1.0309 ** NS
Percent change NS 12.9867 *** 3.0898 ** NS

GDD Odds ratio 1.0012 NS 1.0018 *** 1.0010 ***
Percent change 0.1248 *** NS 0.1845 *** 0.0965 ***

ν Odds ratio NS 1.5904*** NS NS
Percent change NS 59.0423 *** NS NS

*,**,*** 10, 5, and 1 percent significance for the estimated coefficient in the logit model, respectively. NS, not significant
for the estimated coefficient in the logit model. a Odds ratios and the changes in the log odds probabilities were
calculated using the estimated coefficients β of the logistic regressions reported in Table 5. b Variable names are
defined in Table 3. c Intercept contains soil texture category sand. d Texture scaled by 10%. e WHC scaled by 100.
f SOM scaled by 100%.
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For the silt soil texture, the lint yield odds ratio indicated that VRN treatment yields were 5.73
(e1.7455) times as likely to be lower than FP yields under these conditions. The percent change in the
log odds of VRN yields lower than FP yields was 47.29%. A field with a silt soil texture had a high
probability of lower yields with VRN and could potentially benefit from a keeping the current FP N rate
instead of going with VRN management. Estimating the odds ratio for the loam soil texture indicated
that VRN treatments on loam textured soils were 3.65 (e1.2943) times likely to have lower yields than
the FP. There was a 26.49% change in the log odds that VRN yields were lower than FP yields on loam
textured soils. Loamy fields with the same mean landscape, soil, and weather characteristics would
also likely benefit from keeping the FP instead of adopting VRN in terms of yields.

3.2.2. N Fertilizer Rates

The landscape, soil, and weather variables related with N rates in the estimated logit model
were silt soil texture (Pr ≤ 0.01), loam soil texture (Pr ≤ 0.01), elevation (Pr ≤ 0.01), water-holding
capacity (Pr ≤ 0.01), soil erosion index (Pr ≤ 0.01), and VRN 2 treatment dummy variable (Pr ≤ 0.01)
(Table 5). Evaluating the percentage changes in the log odds probabilities of landscape, soil, and weather
attributes indicated that silt- or loam-textured soils or soils at higher elevations are negatively associated
with the probability that FP generates lower N rates than VRN (Table 6). Greater water-holding capacity,
more erodible soils, or VRN 2 were positively associated with the probability that FP generates lower
N rates than VRT.

The fertilizer N rate odds ratio for silt indicated that FP N rates were 0.0212 (e−3.8551) times as
likely to be lower than VRT N rates. There was a 9.79 percent change in the log odds that the FP N
rates were lower than VRN N rates. Fields with silt textures with the mean soil conditions would likely
benefit from VRN in terms of N cost savings and environmental benefits due to significant chances of
VRN generating lower N rates than the FP. Evaluating the odds ratio at the loam soil texture indicated
that the FP N rates were 0.0243 (e−3.7156) times as likely to be lower than the VRT N rates. The percentage
change in the log odds of FP N rates being lower than VRN N rates was 9.76 percent. Under these
conditions, there was a relatively large chance that the VRN practice would be applied less N than the
FP technology. A field with these conditions may benefit from VRN use for environmental benefits.

3.2.3. N Efficiency

Soil, landscape, and weather variables related with N efficiency were sand soil texture (Pr ≤ 0.10),
clay soil texture (Pr ≤ 0.01), loam soil texture (Pr ≤ 0.05), soil depth (Pr ≤ 0.05), soil erosion index
(Pr ≤ 0.05), and growing degree days (Pr ≤ 0.01) (Table 5). The percentage changes in the log odd
probabilities of landscape, soil, and weather attributes in relation to NEFF indicated that finer soil
textures or warmer temperatures were positively associated with the probability of a lower VRN N
efficiency compared to FP (Table 6). Deeper soils or soil with coarser textures were negatively related to
the probability of lower N efficiency of VRN compared to FP.

Fertilizer N efficiency on the clay soil texture indicated that VRN N efficiency was 63.2 (e4.1468)
times as likely to be lower than FP. There was a 622% change in the log odds of VRN N efficiency, lower
than FP. Using VRN on clay fields, these may be inefficient in terms of N use relative to the FP. At the
loam soil texture, the odds ratio indicated that VRN N efficiency was 0.3737 (e−0.9842) times as likely to
be lower than FP. Evaluating the odds ratio for the loam soil texture, there was a 6.26 percent change
in the log odds of lower VRN N efficiency compared to the FP on loamy textured fields with these
conditions. This finding indicates that there is a significant chance of obtaining higher N efficiency
using VRN on loam soil textures.

3.2.4. Net Returns

The landscape, soil, and weather variables associated with NRs in the estimated logit model were
silt soil texture (Pr ≤ 0.01), loam soil texture (Pr ≤ 0.06), organic matter (Pr ≤ 0.10), and growing degree
days (Pr ≤ 0.01) (Table 5). Evaluating the aforementioned soil texture and weather attributes in relation
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to NRs indicated that coarser soil textures and warmer temperatures were positively associated with
the probability of lower NRs using VRN compared to FP (Table 6). Evaluating the NR odds ratio for
the silt soil texture indicated that VRN NRs were 2.66 (e0.9767) times as likely to be lower than FP NRs.
There was a 16.56% change in the log odds that had lower NRs than the FP. Fields with these conditions
would likely not benefit from VRN adoption in terms of profits. The odds ratio evaluated at the loam
soil texture indicated that VRN NRs were 2.42 (e0.8824) times as likely to be lower than FP. The change in
the log odds of lower NRs under these conditions was 14.17%. Fields with these soil conditions may be
better suited, from a profitability standpoint, to continue using the current FP N management in place.

4. Conclusions

Many field landscape, soil, and weather factors impacted the performance of VRN in the farm
MRB fields analyzed in this study. Soils with higher organic matter content, deeper profiles, and that
are more erodible produced higher lint yields using VRN compared to the FP. In contrast, coarser
soils, fields at higher elevations, or fields in locations with warmer temperatures were negatively
associated with VRN yields compared to the FP. More N was applied using VRN compared to the FP
on fields associated with greater water-holding capacity, more erodible soils, or warmer temperatures.
In contrast, deeper profiled soils had a negative association to VRN N rate compared to FP. Soil,
landscape, and weather had less of an impact on VRN NRs than on lint yields and fertilizer N rates.
Most notable was the positive association with greater NRs with VRN relative to the FP for soils that
were deeper and had higher organic matter. Soils with more organic matter had a positive relation
to N efficiency of VRN compared to the FP. More erodible fields and warmer climates had negative
associations to N efficiency, likely due to the need for higher N rates to account for lower available N
in soils. Supplementing OS information with other map-based information resulted in higher VRN
N rates but not yields and NRs. In addition, the additional expense of map-based information also
impeded VRN profitability.

VRN may provide downside risk management benefits on fields with greater water-holding
capacity, higher organic matter, or deeper profile soils by being associated with a smaller probability of
low yields relative to the FP. Fields with silt and loam soils would likely benefit from VRN fertilizer N
cost savings and environmental benefits because of a high probability of VRN resulting in lower N
rates than the FP. In addition, the probability of enhanced N efficiency is more likely on a loam texture
soil. However, the potential environmental benefits on these two soil textures may be obtained at the
cost of a higher probability of lower NRs.

Key findings can be used by extension educators and cotton farmers to determine if adopting
OS-based VRN on fields with certain characteristics would likely provide positive benefits. However,
an important caveat of this study is that the profitability of OS and VRN were evaluated at the sub-field level
to identify the conditions where the technology may provide an advantage over the FP. Notwithstanding
the potential benefits of VRN, farmers are interested in the profitability of the technology at the field
and farm levels. Future analyses should assess the profitability and risk management potential of the
technology at the field level and farm levels as influenced by landscape, soil, and weather.
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